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PREFACE 

The extension phase of the Orbital Service Nodule (OSM) Systems Analysis Study 
was conducted to further identify Power Extension Package (PEP) system con- 
cepts which would increase the electrical power and mission duration 
capabilities of the Shuttle Orbiter. Use of solar array power to supplement 
the Orbiter' s fuel cell/cryogenic system will double the power available to 
payloads and more than triple the allowable mission duration, thus greatly 
improving the Orbiter 's capability to support the payload needs of sortie mis- 
sions (those in which the payload remains in the Orbiter). 

To establish the technical and programmatic basis for initiating hardware 
development, the PEP concept definition ha.*> been refined, and the performance 
capability and the mission utility of a reference design baseline have been 
examined in depth. Design requirements and support criteria specifications 
have been docunented, and essential implementation plans have been prepared. 
Supporting trade studies and analyses have been completed. 

The study report consists of 12 docunents: 

Vo lune 1 Executive Summary 

Volune 2 PEP Preliminary Design Definition 

Volixne 3 PEP Analysis and Tradeoffs 

Volune 4 PEP Functional Specification 

Volune 5 PEP Environmental Specification 

Volune 6 PEP Product Assurance 

Volune 7 PEP Logistics and Training Plan Requirements 

Volune 8 PEP Operations Support 

Volune 9 PEP Design, Development, and Test Plans 
Volune 10 PEF Project Plan 

Volune 11 PL. 'ost. Schedules, and Work Breakdown Structure Dictionary 
Volune 12 PEP Data Item Descriptions 
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Section 1 
INTRODUCTION 


1.1 PEP SYSTEM 

The Power Extension Package (PEP) is a solar electrical power generating sys- 
tem to be used on the Shuttle Or biter to augment its power capability and to 
conserve fuel cell cryogenic supplies, thereby increasing power available for 
paylcads and allowing increased mission duration. The Orbiter, supplemented by 
PEP, n an provide up to 15 kW continuous power to the payloads for missions of 
up to 48 days diration. 

When required for a sortie mission, PEP is easily installed within the Orbiter 
cargo bay as a mission-dependent kit. When the operating orbit is reached, the 
PEP solar array package is deployed from the Orbiter by the remote manipulator 
system (RMS). The solar array is then extended and oriented toward the sun, 
which it tracks using an integral sun sensor/gimbal system. The power gener- 
ated by the array is carried by cables on the RMS back into the cargo bay, 
where it is processed and distributed by PEP to the Orbiter load buses. After 
the mission is completed, the array is retracted and restowed within the 
Orbiter for earth return. 

Figure 1-1 shows the PEP system, which consists of two major assemblies — the 
Array Deployment Assembly (ADA) and the Power Regulation and Control Assembly 
(PRCA) — plus the necessary interface kit. It is nominally installed at the 
forward end of the Orbiter bay above the Spacelab tunnel, but can be located 
anywhere within the cargo bay if necessary. The ADA, which is deployed, 
consists of two lightweight, foldable solar array wings with their containment 
boxes and deployment masts, two diode assembly interconnect boxes, a sun 
tracker/control/instrunentation assembly, a two-axis gimbal/slip ring assem- 
bly, and the RMS grapple fixture. All these items are mounted to a support 
structure that interfaces with the Orbiter. The PRCA, which remains in the 
Orbiter cargo bay, consists of six pulse width modulated voltage regulators 
mounted to three cold plates, three shunt regulators to protect the Orbiter 
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POWER REGULATION AND CONTROL ASS EMBLY 

• VOLTAGE REGULATORS/COLD PLATES 

• SHUNT REGULATORS 

• POWER DISTRIBUTION/CONTROL 

• SUPPORT STRUCTURE 



ARRAY DEPLOYMENT 
ASSEMBLY 

• ARRAYS AND CONTAINERS 

• MASTS/CANISTERS 

• GIMBAL/SLIP RINGS/GRAPPLE 

• SUN SENSOR AND CONTROLS 

• INSTRUMENTATION 

• CORE STRUCTURE 


INTERFACE KIT 

• RMS POWER CABLE 

• ATTACHMENT FITTINGS 

• ORBITER BAY PIPING 

• ORBITER BAY WIRING 


Figure 1-1. PEP Syftem 

buses from overvoltage, and a power distribution and control box, all mounted 
to a support beam that interfaces with the Orbiter. 

PEP is compatible with all currently defined missions and payloads and imposes 
minimal weight and volume penalties on these missions. It can be installed and 
removed as needed at the launch site within the normal Orbiter turnaround 
cycle. 

1.2 PEP ANALYSIS AND TRADEOFF TASKS 

This docunent summarizes the objectives, conclusions and approach to the 
accomplishment of the 19 specific design and analysis activities which were 
defined a3 Task 2.0 of the OSM study extension. In addition, it includes sum- 
maries of several additional tasks which were assigned to MDAC as action items 
during the course of the study. 
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Section 2 

PEP ANALYSIS AND TRADEOFF TASKS 


2.1 CLEARANCE ANALYSIS 

This task consisted of the study of clearances of the PEP, (1) in its stowed 
form and position inside the Orbiter bay and (2) in its deployed operational 
orientations as positioned by the RMS. 

2.1.1 PEP Stowed Position Clearances 
Objective 

The objective of this analysis was to determine the effects on the original 
PEP concept geometry from dual RMS envelope constraints, Orbiter dynamic 
deflections and Spacelab component envelopes. A further objective was to 
define an allowable dynamic envelope for PEP based on these installation con- 
siderations. 

Conclusions 

The analysis showed that the originally selected SEPS geometry array box could 
not be installed transversely across the Orbiter bay and maintain clearances 
with both the port and starboard Orbiter RMS envelopes. Also shown was that a 
further reduction in size would be necessary if it was necessary to restrict 
the array box to the nominal Orbiter payload 90-inch radius envelope. It was 
concluded that the array could, from a practical standpoint, violate that 
90-inch constraint utilizing a void that results from the RMS installation 
itself. The Resulting Array box length was reduced from the SEPS 159.04 inch 
size to 152.8 inch. This length is based on fixing the array box with respect 
to the starboard sidewall of the Orbiter and being compatible with PEP 
deflections and the worst case Orbiter sidewall deflections for any position 
of PEP within the Orbiter bay. 

Approach 

The groundrules require the ADA. portion of PEP to be capable of installation 
at any longitudinal location in the Orbiter payload bay. The most constraining 
case and its principal forecast use is with Spacelab in its short tunnel 
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configuration with both elements of PEP installed over the tunnel between the 
Spacelab module and the external airlock. Examination of the Spacelab module 
and the airlock showed that the principr'. clearance requirement was for hand- 
rails on those elements. 

The ADA element of PEP is situated over the tunnel and its principal support 
point on the 0*biter sidewall lies between those of the tunnel. The PEP struc- 
tural support concept is strongly Influenced by its position over the tunnel. 
To provide lateral support in the bay, PEP required either a mechanism that 
would reach arouna the tunnel to the keel area where payload yaw loads are 
normally reacted or direct hard mounting to one sidewall of the Orbiter. To 
reach the keel area for yaw support, a mechanism would be required that would 
have to be carefully threaded through the tunnel support structure and 
inserted into the keel fitting under the tunnel or would have to be segmented 
so as to install part of it prior to tunnel installation and part of it after 
tunnel installation. Neither approach was considered acceptable. Since the ADA 
element and the PRCA element are individually of low weight (approximately 
1000 lbs. each) their load input into the Orbiter sidewall (for a sidewall 
fixed concept) would not exceed the trunnion friction load that occurs with a 
maximum weight payload in a normal installation mode. 

A secondary influence on the PEP envelope and clearance requirements is that a 
Spacelab mission is possible with only pallet elements in which case the ADA 
would have to be installed above a pallet. The Impact of this was the decision 
to place the ADA trunnion location 6 inches higher than normal payload loca- 
tion and to use custom lightweight support fittings to fit this geometry. 

The clearances and the resultant PEP allowable dynamic envelope result from 
very preliminary deflection data and non-precision analyses. The PEP envelope 
must be iterated at a future date when firm Orbiter deflections are defined. 
This study utilized Orbiter sidewall deflection data from a preliminary memo- 
rand un on that topic prepared in 1977 and arbitrarily assumed some companion 
sidewall angular rotations. These deflections were used to estimate the 
dynamic excursions of the RMS envelope between (port and starboard) which the 
PEP is installed. The worst case combined sidewall inward deflections from 
the preliminary data was 4.48 inches. The sidewall (longeron) angular 
rotation was assumed to be 2 degrees (1 degree from sidewall deflection and 1 


degree from local payload loading) which resulted in further RMS excursions of 
1.26 inches per side. An add increment of excursion into the PEP envelope 
region was a 1.0 inch increase in the width of the RMS dynamic envelope due to 
PEP wire installations on the side of the RMS. 


Results 

This study analysis resulted in the PEP allowable dynamic envelope defined in 
Figure 2.1-1 and the establishment of a maximun length array box of 152.8 
inches. The analysis also established the PEP centerline installation offset 
of 2.24 inches. These dimensions and offsets will require future verification 
when firm Orbiter deflection data is available. 


NOTES: 

1. THE ENVELOPE SHOWN DOES NOT INCLUDE TRUNNION INTERFACE WITH 
THE ORBITER. IN SECT C-C TRUNNION INTERFACE MUST OCCUR ABOVE 
STATION Zo 419 OR OUTSIDE OF THE EXTENSION OF THE 90R BELOW 
STATION Zo 419. 

2. THE LIMIT STATIONS X<, 748*. X* 691.9 AND X* 061.5 ARE CLEARANCES 
FROM HANDRAILS ON THE SPACE LAB TUNNEL AND AIRLOCK 
RESPECTIVELY. 

3. THE LIMIT STATION Z Q 429 IS BASED ON . JNNEL AND 
TUNNEL STRUT DEFLECTIONS. 

4. LIMIT STATION Zo 480 IS BASED ON AIRLOCK CLEARANCE. 

5. LIMIT STATION Xp 636 IS BASED ON MMU AND EVA ENVELOPE CLEARANCE. 

B LIMIT STATION Z 0 414 BASED ON IGLOO CLEARANCE. 


X„ 637 0 X 681 JB \ 748.6 
° • *! 1 * 


-Z_ 400.0 




Y o 0.0 Y 0 0.0 

SECT A*A SECT B»B 


Figure 2.1-1. PEP System Stowed Maximum Dynamic Envelope 


2.1.2 PEP Deployed/Operational Position Clearances 
Objective 

The purpose of this analysis was to determine clearances between the PEP solar 
array wings and the Orbiter external surfaces to establish the practicality of 
holding the PEP array in its operational positions with the Orbiter RMS. 
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Conclusions 

The analysis of the PEP solar array wings in various deployed positions aroind 
the Orbiter using the O-biter's RMS to position array showed sufficiently 
large clearances from the Orbiter body to have a high confidence level that 
safe use in any of these positions is possible. 

Approach 

This analysis was accomplished as a combination graphics and calculation task. 
The basic analysis was done for PEP array positions at the rectalinearly car- 
dinal positions, overhead, off-the-wing, over-the-nose , and inder-the- belly. 
These positions were then inspected for Orbiter skewed attitudes. The geometry 
of the array, the position cf the RMS/PEP interface and the array beta angles 
were derived from the PEP reference configiration. 

Results 

The resulting clearances shown in Figure 2. 1-2 are for the PEP reference 
configuration. Variations of the PEP studied offer only small dimensional 
changes that would affect this clearance study and would not alter the conclu- 
sions. 



j. 


There are two basic under-belly positions. Namely, with the RMS upper arm seg- 
ment oriented forward along the Orbiter nose, as shown in Figure 2.1-2, and 
with that arm segment oriented laterally toward the wingtip. Die to the RMS 
shoulder axis being canted outboard by approximately 20 degrees, repositioning 
the upper arm from the nose position to the off-wing position would increase 
the under-belly clearance. 

rull orbital attitude requirements of the Orbiter for various missions must be 
examined in depth. For simple FOP, solar inertial or earth oriented attitudes, 
there is adequate clearances, however, further analysis is required if arbi- 
trary attitudes of the Orbiter with large orbital skewed angles are to be 
desired. The clearances shown in Figure 2.1-2 represent static conditions. 
Deflections resulting from dynamic deflections of the RMS and the array sus- 
pension system must be subtracted from the dimensions shown. The maximin array 
tip deflection is calculated to be 7.3 ft (2.2M) due to VRCS plume impinge- 
ment. This tip deflection would reduce the underbelly clearance by 5.47 ft 
(1.66M), but a clearance of 5.6 ft (1.7M) would remain under worst-case condi- 
tions. 

2.2 BRIDGE FITTINGS 
Objectives 

Select and define means of supporting in the payload bay both the Array 
Deployment Assembly (ADA) and the Power Regulation and Control Assembly 
(PRCA) . Prepare a preliminary design of lightweight custom bridge fittings. 
Investigate feasibility of common PEP/Spacelab/Ttinnel bridge fittings. Verify 
Orbiter structural load compatibility considering combined leads. 

Conclusions and Recommendations 

At the baseline location, the ADA forward support must share a bridge with the 
two Spacelab tunnel support trunnions. Either the special lightweight bridge 
design developed for the tunnel must be redesigned to incorporate provisions 
for ADA support fittings or the tunnel and ADA can share a standard Orbiter 
Bridge. 

Because the only available location for PRCA cross-bay beam is adjacent to the 
Remote Manipulator System (RMS) base where no payload attach provisions exist, 
a special lightweight bridge with integral attach fittings is recommended. 
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Loading magnitude of both the ADA and PRCA are sufficiently low to permit the 

Y 0 axis load? to be reacted by the longeron bridges, negating the need for 
keel bridges. The combined loads of the ADA and the Spacelab tunnel are below 
the allowable loads for a standard Orbiter bridge fitting. 

Assumptions 

Spacelab module configuration and location were taken from ICD 2-05101 and 
Spacelab tunnel support locations and detail were from KOAC Driving 1D21326 
"Layout, Struts." Load factors were from JSC 07700, Vol. XIV. Bridge loading 
capabilities were from ICD 2-19001. 

Approach 

Standard Orbiter bridges and custom lightweight bridges were evaluated. Bridge 
loading for critical flight conditions were determined and combined with all 
other known payload elements, using the bridges. For the Orbiter bridges, 
these loadings were then compared with the bridge capabilities. 

Results 

Figire 2.2-1 illustrates the ctrrent design of the lightweight bridge fitting 
to be used to mount the Spacelab short tunnel. This bridge fitting weighs 31 
pounds and is a custom design, fabricated from 7075 aluminum, has built-in 
nals, and used only to support the two tunnel trunnions (2 trunnions each 
je, total of 4). This bridge fi ting can be modified as shown to accept a 
olt-on track and the custom retention latch to support the ADA trunnion. With 
this modification, the weight of the bridge fitting and track will be 3#. 5 
pounds. Figure 2.2-2 illustrates the standard Orbiter bridge fitting that can 
be used to support both ADA and short tunnel. This bridge is fabricated of 
titanium and weighs 55 pounds. If standard Orbiter fixed journals were used in 
combination with the bridge, they would add an additional 40 pounds per side. 
Therefore, if the tunnel custom bridge fitting with modification is used for 
the ADA support, the total weight for the two bridge fittings and tunnel jour- 
nals is 69 pounds. If the standard Orbiter bridge with standard journals is 
used, the total comparable weight i? 190 pounds. The significant items of this 
total are the four 20 pounds standard journals. Redesign of these journals to 
reduce weight is possible; however, it appears to be more cost and weight 
effective to modify and use the existing lightweight bridge fitting design 
with the integral journals. 
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Figure 2.2-3 illustrates the design of the custom .ridge fitting to support 
the PRCA. The fitting is fabricated of 7075 al minimi, it has integral Journals 
which can withstand both radial and thrust loads and the weight is 15 pounds. 
Figure 2.2-4 illustrates the standard Orbiter bridge fitting in the area of 
the PRCA support trunnions. Because of the presence of the RMS mounting base, 
the structural attachment of the PRCA must be moved down and Inboard from the 
standard trunnion locations. It can be seen that the standard bridge is cut 
away to clear the RMS mouit. It was found that the standard bridge could not 
be used in combination with the PRCA baseline configurations. In addition, the 
standard bridge is fabricated of titaniw and weighs 45 pounds. 


NOTE : USE STANDARD ORBITER BRIDGE ATTACH HARDWARE 
TO SECURE CUSTOM BRIDGE TO ORBITcR AT 
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Figure 2.2-4. Standard Bridgt Fitting 

2.3 SILL LATCHES 
Objectives 

The objectives of this task are: to verify the definition and availability of 
remotely operated payload retention latches for PEP Array Deployment Assembly 
(ADA) and to provide interface definition for payload retention latches. 

Conclusions and Recommendations 

The use of standard Or biter payload retention latches is not an acceptable 
method of support and retention for the ADA because of size, weight and trun- 
nion elevation. Development of a custom lightweight retention latch, using a 
standard bridge fitting and electrical interface is recommended. 

Approach 

The Phase A study baseline configuration utilized a four trunnion support for 
the ADA. The concept shared the short tunnel bridge fittings with the ADA 
retention latches nested between the tunnel trunnion locations. Further inves- 
tigation has shown that this solution did not provide adequate space for 
standard retention provisions plus the weight of the standard retention 
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latches was prohibitive when compared to the weight of the PEP system. A rear- 
rangement of the support provisions for the ADA was undertaken and a new 
design prepared which provides the features of lightweight, adequate space and 
flexibility in location of the aDA in the cargo bay. 


Results 

The baseline > etention provisions for PEP are illustrated by Figure 2.3-1. The 

ADA support uses three trunnions, two on the right side and one on the left 

side. Both forward trunnions are at Station X 715 and the aft trunnion is at 

o 

Station X 758.3. The elevation of each trunnion is 2 420. The forward reten- 
o o 

tion latches share the bridge fittings, on both sides, with the short tunnel. 

The aft retention latch shares the bridge fitting on the right side with the 

Spacelab. A fitting to react PEP lateral (Y \ loads l3 alao installed on the 

o 

forward bridge fitting on the right hand side. 


It was found that for an all pallet configuration of Spacelab the ADA must be 
mounted above a standard pallet. In order to accomplish this, the support 
trunnion elevation must be raised to Z 420 to prevent interference with the 
pallet sills. The current baseline design allows the ADA to be mounted over 



Figure 2.3-1. PEP Retention Provisoes 
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payload pallets at any X location in the bay which Is compatible with the 
payload and RMS reach limit. Figure 2.3-2 illustrates the ADA mounted over the 
Spacelab pallet. Figure 2.3-3 illustrates PEP mounting flexibility which may 
be used for Orbiter CC adjustment. 




Figure 2.3-2. Array Deployment Assembly — Aft Bay Mounting 



RMS REACH 



Figure 2.3-3. PEP Integration Flexibility 
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The standard Orbiter payload retention latch as defined by Rockwell 
Specification MC287-0025 is designed for a 3.25-inch diameter trunnion at an 

elevation of The latch is designed for a maximum reaction load of 

180,000 pounds and the weight of each unit is approximately 100 pounds. 


The maximun reaction load on the PEP-AL 1 trunnion is approximately 5000 

pounds. The trunnion stowed centerline must be at 2 _ 420 and it would be 

o 

desirable to reduce the ADA trunnion diameter below the standard to reduce 
weight. The standard retention latch weight would be approximately 15t of the 
total PEP system weight if they were used. Based on these findings it was con- 
cluded that PEP would require a custom lightweight retention latch design. 
Figure 2.3-4 illustrates a design concept for a retention latch for PEP which 
is a "scaled down" version of the existing Orbiter standard design. This 
design could have a dual motor drive system. Figure 2.3-5 illustrates a second 
latch concept utilizing a single motor drive with a manual override. Both 
design concepts interface with a standard Orbiter bridge fitting; the journal 

centerline is located at l^u 20 , the journal diameter is two inches, the ulti- 
mate load capability is 20,000 pounds, and the electrical interface would mate 



Figure 2.3-4. Lightweight Retention Latch Concept 
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Fi^ire 2.3-5. Lightweight Retention Letch Assembly Concept 


wifch the standard Orbiter connector. Ihe weight of the custom latch is calcu- 
lated to be less than 15 pounds or approximately 2% of the PEP system weight. 

2.4 RMS WIRING 
Objectives 

The objectives of this task are: verify feasibility of a wiring interface Kit 
concept; provide installation and routing details in support of interface 
definition activity; quantify impact of RMS power cable on wrist roll 
performance and acceptability of any limitations; determine compatibility of 
special purpose end effector (SPEE) wiring with PEP requirements and propose 
solutions to any incompatibilities; define separation device location. 


Conclusions and Recommendations 

The concept of supplying the RMS power cable as a kit for installation on the 
RMS is feasible, however, the basic RMS must be modified to add attachment 
provisions for the cable. This modification must be done either during the 
initial fabrication of the RMS or during a period of major refurbishment. It 
is recommended that action be initiated to have Spar incorporate the 
modifications in a deliverable RMS which is compatible with PEP program 
schedules. 
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A cable routing has been established which allows unrestricted operation of 
all RMS joints except for the wrist roll restriction of ♦180°. The wrist roll 
limit has been determined to be adequate for PEP operations and for use with 
other payloads. 

The special purpose end effector wiring is adequate to operate the PEP, how- 
ever, the electrical power available to operate deployment mechanism gimbal 
drives and latches is limited. 

The power cable unbilical, located at the SPEE and grapple fixture interface, 
is operated by an electromechanical actuator attached to the grapple fixture. 
This arrangement requires the SPEE connector be mated prior to mating the 
power connector. 

The power cable, when installed on the RMS and the RMS is stowed in the 
Orbiter , violates the 93-inch clearance envelope established for the cargo 
bay. The intrusions are short in length and occur only at the elbow and wrist 
pitch joints. Investigation has shown that no physical interference will exist 
with any of the basic Spacelab configurations. It may be possible to eliminate 
these intrusions, however, the resulting power cable design and installation 
would be much more complex . It is recommended that the current design be used 
unless it can be demonstrated that a physical interference exists with a 
potential payload that will fly with PEP. 

Approach 

The requirements for the RMS wiring (power bus) evolved as a product of the 
MDAC PEP studies. Spar Aerospace Products, Ltd., of Canada, under contract to 
MDAC used these reqc ements to produce r, design for the external attachment 
and handling of PEP power i us on the RMS. 

Results 

Figure 2.4-1 illustrates the PEP power cable Installed on the port side RMS. 
Mounting methods employed in the design of the RMS operational cabling were 
Ui. ed for the PEP installation. Split into two buidles of six cables each tne 
wiring is installed on the upper inboard surface of the arm. Loops In the 
cable accommodate RMS shoulder and wrist roll flexure. A simple "V" Bend 
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Figure 2.4-1. RMS Power Cable 


allows elbow motion and an "S" cable configuration is used for wrist pitch and 
yaw. Figures 2.4-2 through 2.4-6 contain the mechanical details of cable han- 
dling system design. Additional details and analysis a «-e contained in Appendix 
A, Spar Report SPAR-R 940. 

The PEP power cable is attached to the RMS using custom designed cable support 
assemblies spaced at approximately 8-inch intervals for the entire length of 
the RMS arm. TTiese supports are attached using screws into bosses which 
penetrate the Kevlar bunper coating on the exterior surface of the boom and 
are bonded to the composite structure. At the joints fiberglass guides are 
attached to contain the cable and allow flexing. 
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Figure 2.4-2. Cable Handling System — General Arrangement 
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Figure 2.4-4. Cable Handling Syttwn - Shoulder Joint 
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2.5 WING DEPLOYMENT MECHANISM 
Objective 

The objective of this task was to re-examine the configurational relationship 
between the array wing box and the mast canisters. The two basic considera- 
tions included the packaging subassembly concepts and the issue of rotating 
versus fixed canisters. 

Conclusions 

The analysis concluded that the lowest weight (and probably lowest cost) con- 
cepts were either the integral wing box or the strongback versions. The inte- 
gral wing box concept was recognized early it the study as the concept most 
likely to meet an early system weight bogie of 2010 pounds and was the primary 
reference configuration. Late in the study it was determined that wing box 
flexure from the box cover preloading of the contained array blanket would 
present an undesirable interface condition between the wing box and the core 
integration structure, The reference configuration was then altered to reflect 
the strongback concept features. 


The early study selection of the rotating canister concept was related to mast 
canister sizing criteria of that period which pointed -oward very long 
canister geometry which would not hav fit between the airlock and the 
Spacelab in a fixed canister arrangement. Subsequent canister sizing criteria 
has resulted in shorter canister geometry and reassessment of canister stowage 
positions in PEP was done. Canister lengths are now possible which would allow 
a non-rotating canister PEP configuration. That arrangement is possible by 
placing the canisters side by side with the mast being eccentric to the array 
blanket centerline. Reassessment of rotating versus fixed canister issue con- 
cluded that eithe»* concept will fit the PEP criteria. However, the rotating 
canister feature was retained for the reference concept because it still 
allowed a greater degree of tradeoff be ween canister diameter. In eddition, a 
preliminary examination of .ne dynamics of the off-center mast indicates 
satisfactory dynamic behaviour; however, a more rigorous analysis is necessary 
to verify the preliminary conclusion. 


Approach 

PEP was re-examined for the configurational approach to the "where" and "how" 
to join the wing boxes, the canisters and the integration structure. Four var- 
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iations on the subassembly concepts were examined and included: 

e Integral Wing Box — Wing box as a load-carrying member of the array 
integration structure. 

e Strongback Concept— Wing box as an attachment to the load-carrying 
integration structure (strongback). 

a Nodular Wing Concept— Integrated wing box/canister module as an attach- 
ment to a strongback. 

• Integral ADA-PRCA Concept — A strongback variation in which the ADA has 
a minimal integration structure and which stows on a strongback which is the 
PRCA support structure. 

The fixed canister variation is applicable to any of the concepts but was 
examined only in the integral wing box concept (the early reference 
configuration) . 

Integral Wing Box Concept — This concept uses lightweight structure to Join the 
two wing boxes into a structural box beam having the 1' '■gest cross section 
possible within the envelope constraints of the ADA. This box beam has the 
mast canisters and the gimbal package installed upon it. This concept results 
in the most complex mechanical interface between the wing box and the 
integrating structure. This interface consists of a large nunber of attach- 
ments along the edge of the wing box. This approach rlgidlzes the two wing 
boxes to each other and requires a method to decouple the wing masts or can 
isters from the overall array core structure for a desired low natural 
frequency . Figure 2.5-1 shows the subassembly concept utilizing the integra- 
tion core structure to Interrelate the mast canisters and the wing boxes. The 
canisters are supported on the core structure with either single or double 
trunnions. The masts are decoupled either by providing a method of springing 
the deployed mast within the canister or by springing the canister on its sup- 
port structure. This spring system must be so designed as to be locked out 
during wing box cover locking and canister rotation. 

Strongback Conce pt — This concept. Figure 2.5-2, is very similar to the inte- 
gral wing box concept except that the wing boxes do not act as load- carrying 
members of the core structure. They will be attached to the core structure in 
a manner that will minimize structural coupling. With the clearance necessary 
for the blanket tensioning and guidewire reels on the bottom of the wing boxes 
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the width of the core structure is reduced by approx laately one- third com pared 
to the integral wing box concept. That , in conjunction with side panels added 
to replace the wing boxes, will make overall ADA weight larger. Ii this con- 
cept the wing boxes attach to the core structure with only four bolts. The 
canister mounting and decoupling would be the same as the integral wing box 
concept . 

Modular Wing Concept — This concept is a significant variation in that the wing 
box and the associated mast canister is Joined into a structural assembly 
which is then mounted on a strongback-like beam. This concept similar to the 
strongback concept suffers from a narrower and heavier core structure beam. 
There are two methods of mounting these wing modules. One is decouple the mast 
from the canister or decouple the canister from its support and then rigidly 
attach the module to the core structure. The other method is to make the mast- 
canister-wing box assembly a rigid system and spring mount the module to the 
strongback as seen in Figure 2.5-3- This concept offers modular assembly and 
rigging of the mast and wing box assemblies and displays interface and pro- 
grammatic advantages. This configuration ras explored by LMSC during their 



Figure 2.5-3. Subttswnbty Concept for Modular Wing Configuration 
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P£P-related studies and selected as their preferred configuration. The 
modular-wing configuration necessarily suffers the least efficient structrual 
geometries and is the heaviest of the options studied. 

Inte gral ADA-PRCA Concept — This concept is a variation of the strongback con- 
cept with significant weight reduction as the primary goal. Examination of the 
«] loc ation of weight in the various PEP elements shows that a significant 
amount of non-array weight lies in the bridge and retention fittings necessary 
to interface PEP with the Orbiter. The concept solution has a stronjbs-' 
structural beam which was configured to support the system electronics from 
w’iich a small saddle structure is mounted and deployed. The wing boxes and the 
mast canisters are attached to this raddle structure either as discrete ele- 
ments as in the strongback concept o’- as module assemblies as in the modular 
concept (see Figure 2.5~4). 

This concer„ shows the potential for a very low weight approach if the ADA 
installation occurs at the forward location where the electrical systems 
interfaces are. For missions which require the ADA to be located at same aft 
position for payloa^ viewing or center of gravity control a conflict exists. 


MAST CANISTER SUPPORT AND 
ARRAY INTERFACE LINKAGE 
ASSEMBLIES 


WING BOX ASSEMBLY 


WING BOX 
ASSEMBLY 



ADA INTEGRATION STRUCTURE 


PRCA AND ADA SUPPORT 
STRUCTURE 


Figure 2.5-4. Subanembiy Concept for Integrated ADA and PRCA 
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If the ADA-PRCA package was moved aft the new electrical interface condition 
occurs which requires a special kit. If the PRCA/ strongback is left in the 
forward position then a new kit structural beam (possibly a duplicate strong- 
back structure) is required. Also a possibility occurs for the need of addi- 
tional bridge and retention fittings. Either of these aft location solutions 
tend to nullify the potential weight Improvements of the basic ADA -PRCA inte- 
giated concept. Because of the great desirability for aft-bay moulting 
flexibility of the ADA for Orbiter CG adjustment, the strongback, two-assembly 
concept was selected as the referenced design. 

These concepts were evaluated with the rotating canister approach which PEP 
was configured for in the original study. More recently mast-canister design 
criteria and discussions with manufacturers of those systems led to a down 
sizing of the canister and a reappraisal of the trade between a rotating 
canister and a fixed canister in the PEP configuration e Some comparison data 
in the mast-canister sizing for the two approaches is fouid in Section 2. 10. 
Fundamentally the rotating canister requires a scheme for the rotation and 
results in a mast-array blanket with symmetrical geometry while the fixed 
canister requires no scheme or mechanism but results in mast asymmetry of 
approximately 16 percent of the blanket width and slightly larger and heavier 
mast-canisters. A PEP configuration for fixed canisters is seen in Figure 
2.5-5. All of the first four concepts were evaluated for fixed canister appli- 
cation and ware fouid to be conceptually compatible. 

2.6 FUEL CELL VOLTAGE CONTROL 
Objective 

The objective of this study effort was to assess methods of controlling the 
fuel cell voltage to assure fuel cell operation at 1.0 kw each while not 
exceeding allowable Orbiter bus voltages. 

Conclusions and Recommendations 

Coordination with JSC on the six Orbiter/PEP Interface schemes discussed here 
led JSC to baseline the use of a 33.0V Orbiter load bus and payload voltage 
limit. The load bus/regulator sense point must be controlled to a voltage 0.4V 
below the bus limit. The IDD scheme of tying the PEP into the fuel cell bus 
feeder provides the best mission diration performance for a given bus voltage 
limit. PEP system sizing should be updated when Rockwell has a better estimate 
of Orbiter line lengths/ losses and PEP interfaces. 
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Figure 2.5-5. Fixed Canister Concept 
Assumptions 

The PEP/EPS integration must minimize the impact on the Orbiter. The Orbiter 
bus voltage can be raised to 33- OV, although the present limit of 32.0V is 
preferred. Fuel cell voltage - current characteristics are as defined in 
Figure 2.6-1, which will be discussed subsequently. Mission duration 
performance requirements necessitate fuel cell operation at an average output 
of 1.0 kw each during the sunlit periods of the orbit. 


Approach 

Various power system options were postulated and evaluated for suitability 
with the O-biter system and the fuel cell current-voltage characteristics. The 
fuel cell characteristics used were obtained through the courtesy of United 
Technologies, Power Systems Division. The data was checked with data from JSC 
and RI and good agreement was found. Alternate solutions were compared on the 
basis of FCP idle level, system weight and array size and cost. 
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Results 

The Orbiter is currently powered night and day by three fuel cells, nominally 
one on each of the three load buses. The PEP solar array provides energy only 
when illuninated , which can vary from 62 % to 100* of the orbit period, 
depending on launch time and inclination; the fuel cell power to the bus must 
be: (1) reduced to approximately 1.0 kw per fuel cell during the illuninated 
period, and (2) re-initiated the following night, while maintaining 
satisfactory steady state and transient voltage regulation. 

The relevant fuel cell and voltage regulator voltage characteristics are pres- 
ented in Figure 2.6-1; the fuel cell curve is for a nominal age fuel cell, 
midway between the characteristics for new and for old (5000 hour age) fuel 
cells. The curve is based on analytical predictions by the Power Systems Divi- 
sion and assumes average heater loads. The figure also shows the PEP shunt 
limiter and voltage regulator operating bands, assuming the maximum allowable 
Orbiter bus voltage is 33.0V. The shunt limiters, which are discussed in 
Volune 2, protect the Orbiter buses from overvoltage transients for certain 
voltage regulator failure modes. The 0.2V wide band allows for all factors 
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that effect voltage (e.g. adjustment and voltage reference inaccuracies and 
variations in shunt current). The 0.2V voltage regulator operating band allows 
for similar inaccuracies and variations. The two bands are separated by 0.1V 
to assure that the two units do not overlap and interact with each other. 

The nominal bus voltage (32.6V for the example), which represents the midpoint 
of the voltage regulation band, has been used for nominal performance predic- 
tions. The nominal bus voltage must always be 0.4V below the maximun allowable 
bus voltage (e.g., 32.6V for the example, or 31.6 for a 32.0V case). The 
intersection of the fuel cell curve and the nominal bus voltage represents the 
fuel cell operating point (~0.9 kw for the 32.6V example of Figure 2.6-1). 

The fuel cell power is controlled by adjusting the location of the voltage 
regulator band. (The setting depicted is the highest allowable for a 33 . 0V bus 
limit). The fuel cell power output is ^0.9 kw for a 33.0 volt bus limit and 
M.8 kw for a 32.0V limit. 

The location of the voltage regulator sense point and the PEP power feeder 
ties relative to the fuel cell and the load buses can significantly influence 
the fuel cell idle power settings just discussed. A parametric evaluation was 
made of several alternative configurations for each of the 3 fuel cells. This 
work was completed in the middle of the study and is based on an early set of 
assumptions regarding PEP and Orbit er line lengths and resistances. These par- 
ametric results require a slightly higher PEP power output than is currently 
required as the result of: (1) the current selection of a less remote 
interface for payload power delivery and (2) other line loss reductions. An 
example of the assumptions and results of the parametric analysis is presented 
in Figure 2.6-2. The example is for fuel cell no. 2 (FCP 2) and the main B 
bus. The electrical loads assumed for this portion of the system are: (1) 5.0 
kw to the payload and (2) an Orbiter load of 4.67 kw on main B (one-third of 
the Orbiter 14.0 kw load). The example is for the IDD a case wherein the PEP 
power is fed into the Orbiter near the fuel cel] in its feeder to the bus; a 
wire temperature of 100°C was used, and 32.0V maximun is allowed on Orbiter 
loads and payloads. The 32. 0V limitation necessitates the main B bus to be 
31.62V as noted on the figure (the current value would be 31.60 per ♦•’•<e above 
discussion of Figure 2.6-1). Load feeder losses are neglected in setting the 
31.62V bus limitation, because the loads on any given bus might be very low at 
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some point in time. The voltage regulator sensor is designated by S+; it is 
located in the MDA near the bus but ahead of the fuel cell feeder switch so 
that operation of the switch to "open" will not isolate the regulator from its 
sense point. The regulator sense point in this example is set at 31 . 67V, which 
leads to a fuel cell positive terminal voltage of 31.73V. a negative terminal 
voltage of -0.02V relative to ground = 0V) and a fuel cell V of 31.75V. The 
resulting fuel cell powc’’' is 1.65 kw (52A at 31.75V) per Figure 2.6-1. The PEP 
power requirement to support the main B loads can be determined now that the 
fuel cell conribution is known. The power required is 8.525 kw (258A at 
33.08V); 33.08V = 32.^*1V -(-0.68V). The PEP parasitic power losses have not 
yet been accounted for. and the actual power required from this portion of PEP 
is 8.525 X 29.2/29.0 = 8.584 kw, because the system must deliver 29.2 kw of 
gross power to deliver 29.0 kw of net power to the 14 kw Orbiter loads and 15 
kw payloads. The other portions of PEP must supply: (1) Main A and Main C 
Orbiter loads (fuel cell 1) — 8.137 kw; and (2) 10 kw for payloads (fuel 
cell 3) — 9.273 kw. The total PEP output is then 8.584 + 8.137 + 9.273 = 
25.99 kw at the power distribution box (?1 .) output, or 24.22 at the load bus 
interfaces. 





A summary of the parametric study results is presented in Table 2.6-1. The 
example just described is the fuel cell power plant (FCP) feeder (IDD) case, 
colunn 1; Figure 2.6-2 is for the FCP 2 case where the FCP provides 1.65 kw. 
The total FCP output i3 4.98 kw which yields a 17.0 day mission duration as 
contrasted to the desired 3*0 kw required to achieve approximately 20 days 
mission duration (at 21 kw load, 55° inclination and solstice launch^. The PEP 
electrical output is relatively low (24.22 kw) for the IDD case, because the 
fuel cells provide a relatively large amount of power (4.98 kw ) : 24.22 + 4.98 
kw = 2 9.20 kw. The long duration options all require larger PEP outputs and 
solar arrays, as can be noted in the solar array production cost item. Array 

O 

costs, which are a system driver, are based on $21,850/m‘" for production. The 
blanket weight, which predominates the solar array, is shown in Table 2.6-1. 

The following evunents apply to the various other options of Table 2.6-1: 

A. J-Box Splice (Dec *78 BL), Aft PCA6— This option represents the Decem- 
ber 1978 baseline* wherein the PEP power is fed to the Orbiter restively 
remotely from the fuel cells so that line losses and sensor locations have an 
adverse effect on FCP voltage and, consequently, fuel consumption and mission 
diration (see Table 2.6-1). The weaknesses of this scheme were recognized late 
in the previous study phase and the utilization of the MDA's was discussed 
with JSC personnel at the November 1978 final review. Rockwell International 
was also queried about the installation feasi- bility of the IDD approach in 
telephone discussions in early January 1979. 

B. J-Box Splice (Dec *78 BL) , Aft PCA4 — This scheme is a variant of the 
previous scheme where in FCP1 operation is improved by feeding PEP power at 
Aft PCA4 rather than Aft PCA6. This scheme is preferred to the Aft PCA6 
approach . 

C. FCP Feeder (IDD), 32.68V max — This option assumes that the 32.0V load 
bus limit can be raised to 32.68V in order to get the fuel cell operation 
down to 1.0 kw each. The selected reference system is similar to this, except 
the voltage limit is raised to 33.0V to provide some margin. The PEP power 
output requirement is higher in this case as discussed earlier, as is the reg- 
ulator power and, consequently, heat rejection. 


•DaRos, C. J., Orbital Service Module Systems Analysis Study Docunentation. 
MDCG7555, Volume 2 Technical Report, Contract NAS9-15532, December 1978, 
p. 79. 
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Table 2.6-1. PEP/Orbiter Power Output Options^- 



FCP Feeder 
(IDD) 

J-Box/Splice 
(Dec. '78 BL) 
Aft PCA 6 

J-Box/Splice 
(Dec. '78 BL) 
Aft PCA 1* 

FCP power output, kW 

• Average/total (3 FCPs) 

1 . 66 /k . 98 

2 . 19 / 6.56 

2.04/6.13 

• FCP 1 

1.68 

2.66 

2.23 

• FCP 2 

1.65 

2.00 

2.00 

• FCP 3 

1.65 

1.90 

1.90 

PEP power output, kW 

(PDB/load bus) 

25. 99/2»*. 22 

23.71/22.61* 

24.23/23.07 

Mission duration days 

• 21kV, Solstice, i = 55° 

17.0 

15.1 

15.6 

• 2ikW, Equinox, i = 55° 

12.2 

11.1 

11.4 

Weight, lb 

77b 

698 

714 

• Blanket 2 

631* 

570 

583 

• Wire and equipment (A) 

l !*2 

128 

131 

Array blanket cost^, $M 

6.61 

5.95 

6 * 08 

Heat rejection, kW 

• Regulator 

2.92 

2.66 

2.72 

• PDB 

0.26 

0 . 21 * 

0.24 

• Diode 

NA 

NA 

NA 


FCP Feeder 

FCP Feeder 

FCP Feeder 


(IDD) 

(IDD) 

(IDD) 


^32.6Qv Max 

1 Diode 

2 Diodes 

FCP power output, kW 

• Average /total (3 FCPs) 

1 . 0 / 3.0 

0.91/2.73 

0.42/1.26 

• FCP 1 

1.01 

0.91 

0.40 

• FCP 2 

0.99 

0.91 

0.43 

• FCP 3 

0.99 

0.91 

0.43 

PEP power output, kW 

(PDB/load bus) 

0 - 28 . 07 / 26. 20 

28.53/26.1*7 

30.14/27.94 

Mission duration days 

• 21kW, Solstice, i = 55° 

19.8 

20.3 

22.7 

• 21kW, Equinox, i = 55° 

13.8 

ll*.0 

15.7 

Weight, lb 

776 

878 

922 

• Blanket 2 

681* 

681* 

722 

• Wire and equipment (A) 

11*2 

194 

200 

Array blanket cost^, $M 

7.ll* 

7.11* 

7.54 

Heat rejection, kW 

• Regulator 

3.15 

3.20 

3.38 

• PDB 

0.28 

0.29 

0.30 

• Pi ode 

NA 

0.07 

0.06 

1 32.0 V maximum unless noted, 

Busses A, B, 

and C at 4,67 kW each and 15 kW to 

-Spacelab 

iteted power at end-of-life 
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D. FCP Feeder (IDD), 1 Diode — This option is an alternative to the 
selected 33.0V bus limit (paragraph C, above). The basic diode approach 
involves paralleled diodes placed between the fuel cell and the load bus/ 
voltage regulator sensor. The voltage drop across the diodes is approximately 
0.8V, which raises the fuel cell voltage by this amount when the PEP is 
generating power. At night, wh;n the Orbiter is on fuel cells only, the diodes 
are bypassed via parallel switches. This scheme permits FCP operation at 0.91 
kw each and a mission duration of 20.3 days. 

E. FCP Feeder (IDD), 2 Diod es— This option is the same as the on 
described in paragraph 0 above except 2 diodes are placed in series to get a 
1.6V diode drop. The fuel cells operave at an average power level of 0.42 kw 
and the mission duration is 22.7 days, at the expense of a larger solar array. 

As mentioned previously line losses and load interfaces were revised subse- 
quent to the completion of the parametric work discussed above. Figure 2.6-3 
presents the current assumptions and results for fuel cell 2/maln B; the exam- 
ple is for 9 1 diode case. Similar results are obtained when the fuel cell 
voltage is raised by raising all the system voltages by 0.8V (no diode, 33.0V 
bus limit case); the PEP output requirement is reduced slightly in the latter 
case. 


pep output 
M7KW 

OftMTER PL INTERFACE (27M • 32.46 AV) 



Figure 2.6-3. PEP/Orbitar Interface Performance 
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2.7 REGULATOR DEFINITION 

Two distinct areas of effort evolved from this task which are separately 
reported below. 

2.7.1 Regulator Type and Efficiency 
Objective 

To develop a 5 kw power regulator operating wider microprocessor control at 
efficiencies of 90% or better to demonstrate the technology for application on 
the Power Extension Package as applied to Shuttle Orbiter. 

Conclusions and Recommendations 

The standard buck type regulator circuit, together with proprietary MDAC low- 
loss snubbers, can be made to 3erve the Orbiter Power Extension Package needs 
Vith overall efficiencies approaching 92%, as contrasted to the units devel- 
oped wider separate funding which achieved an overall efficiency of 89% maxi- 
mwn. Adequate over-voltage protection, transient response and failure mode 
protections were demonstrated . 

Assumptions 

The Orbiter power system specifications, as amended by the MDAC developed PEF 
specifications were assumed as target goals. The power regulator requirements 
are listed in Table 2.7-1. 

Approach 

Several regulator configurations were initially studied. These Included: 

A. Transformer coupled DC to DC converter. 

B. Resonant regulator. 

C. Buck regulator. 

The transformer design approach employs a transistor switch in series with the 
primary of the transformer and a rectifier and filter in the secondary. Good 

isolation of input and output can be achieved. The transformer core and 
2 

winding I r losses produce considerable heating and also represent potentially 
lower efficiency performance. Since the Orbiter 1 s cooling capacity is limited, 
this design approach was not pursued. 

The resonant design approach is potentially more efficient since switching is 
done as voltage swings through zero, giving lew switching losses. A series 
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Table 2.7-1. PEP Power Regulator Design Requirements 


Rated input voltage, V 

in 

Maximum input voltage, V 

m 

Rated output voltage, V 

o 

Voltage regulation (.at Orbiter 
main bus) 

Maximun output voltage ripple 
Rated output current, I 

o 

Rated output power, V x j 

o o 

Efficiency at rated V v arH t 

in* o ana o 
Maximum output current , I 

n* 

Maximun output power, V x j 

o m 

Loss of remote voltage sensing 


Peak power tracking 


Electromagnetic interference (EMI) 
Heat rejection 


HI volts 
239 volts 
33 volts 

32.5 to 32.7 volts nominal 

0.1 volts peak to peak 
146 amperes 
4.8 kilowatts 
90* 

160 amperes 
5.3 kilowatts 

Revert to internal reference and 
circuit operate at lower output vol 
tage 

Track solar array peak power point 
within 2t for output currents less 
than regulator current limit set 
point 

Meet Orbiter specifications 
To coldplate at TBD °C 


resonant tank is employed and circulating currents are higher than in other 

2 

types, x R losses in the required inductor produce poorer efficiency and addi- 
tional heating. Hesonant regulators present a complex design challenge and did 
not produce sufficient system advantages to warrant development for use on 
PEP. 

The buck regulator design approach, which was selected, appeared to provide 
potentially good efficiency, reasonably straightforward design, and good con- 
trol stability. It employs a transistor switch preceeding an inductor- 
capacitor filter. When the switch is off, the current is maintained in the 
inductor by a commutating diode. Large transform ratios are easily accommo- 
dated by pulse width modulation. A block diagram of this approach is shown in 
Figure 2.7-1. 
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Figure 2.7-1. Buck Regulator Block Diagram IU) 

Standard switching transient protection circuits protect the regulator 
switching transistor from much of the switching transient losses by absorbing 
the switching energy in storage elements and dissipating this energy in a 
resistor. A "low-loss" design became available later and will be considered 
for use in flight units to increase overall system efficiency. 

A blocking oscillator drive was selected for low power and maxim in pulse width 
limiting features. 

Results 

A pair of 2.5 kw regulators along with microp. >cessor control were developed 
and tested under company funds to support this study and the EPDC tests. The 
efficiency curves with various input voltages are given in Figure 2.7-2. Good 
transient behavior and regulation were achieved over the load range from 0 to 
13CJ. Overvoltage and fusing protection for internal failures are provided, 
and any one of the three parallel channels per regulator may fail with no loss 
of output capability. 
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Figure 2.7-2. EPOC Tret .lagulator Performance 

Voltage regulation of 10 millivolts over input variations from 100V to 240V 
and output load from 2 to 100 Amps for each supply was achieved. 

2.7.2 Regulator Failure Modes and Effects 
Objectives 

To Identify representative failure modes and corrective action and to assess 
resulting regulator performance and effects on system operation. 

Conclusions and Recommendations 

All identified fail ire modes result in either fail operational or fail safe 
conditions, primarily fail operational. Bnphasis was placed on analyzing 
failures leading to bus overvoltage. 

Protection against overvoltage is effectively provided by either fuses or 
compensating circuitry in the regulator, with external shunt regulators pro- 
viding backup protection. The capability of fuses to limit overvoltage 
resulting from a shorted power switching transistor was analyzed using the 
SPICE transient analysis computer program. This analysis shows that fuse blow- 
ing occurs fast enough to limit output voltage rise to within the overvoltage 
envelope allowed by the Orbiter specification (Rockwell document MF0004-002). 
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Control circuit failtres which drive the power switching transistor to maxiaian 
duty cycle and produce bus overvoltage are transparent to the fuse system of 
protection unless a secondary failure (power transistor short) results. Active 
protection circuits within the regulator provide the required protection for a 
control failire that does not lead to a transistor short. 

A potential problem was identified involving fuses in the output filter capac- 
itor circuits. For a short circuit on the regulator output, the fuses blow and 
effectively remove the capacitors from the filter circuit. If the regulator 
remains on line after the short is cleared, output waveform will be poor. 
Further analysis and testing is required to determine regulator status 
following the short and to provide an alternate fuse location if needed. 

Additional analysis also is recommended to evaluate tradeoffs in flight regu- 
lator design. Examples are (a) input capacitor size to meet filter require- 
ments versus capacitor-stored energy required to blow fuses for single part 

fail ires (fail operational design), and (b) benefits of fusing for single part 

2 

failures versus fuse I R losses and resulting lower regulator efficiency. 
Assumptions 

A. Regulator circuit model is based on MDAC breadboard regulator devel- 
oped for PEP simulation and evaluation tests at JSC. 

B. Solar array equivalent circuit is derived from I-V curve for mlnlmun 
operating temperature 'maximun array voltage) . 

C. Fuel cell equivalent circuit is derived from an I-V curve with 3 M 
volts at no-load. The PEP study groundrules limit the maximim steady state 
voltage at the load buses to 33 volts. 

D. Shunt regulator is not included in equivalent circuits (worst case 
assumption) . 

E. Bus loads are not Included in simulation (worst case assumption). 

F. Regulator remote sensing/ control dynamics are not simulated (worst 
case assumption) . 

G. Regulator capacitor ESR values are assumed to be 50$ of supplier guar- 
anteed maximim ESR. 


Approach 

The study was preliminary in nature, focusing mainly on failure modes which 
produce overvoltages on the Orbiter buses. Study results are considered con- 
servative as evidenced by the parameter values and input/output conditions 
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assumed in constructing the analytical model. The model used for evaluation is 
indicated in Figure 2.7-3* Representative failure modes for the model were 
identified and resulting fail ire effects assessed qualitatively. The model was 
then analyzed quantitatively for selected failure modes using the SPICE tran- 
sient analysis computer program. 

For failures producing excessive or marginal bus overvoltage ; the output 
capacitors of a second regulator in parallel with the first (and required to 
fully simulate che PEP regulator configuration) were added to the SPICE model. 
The additional capacitance is effective in reducing bus overvoltage. Fuse melt 
and clear calculations were coordinated with the fuse supplier (Bussman - FBP 
fuses). Cold resistance values were used in the analysis. 

A split inductor incorporated in the MDAC breadboard (and the SPICE equivalent 
circuit) eliminates the possibility of fully shorting the inductor. Such a 
failure would result in prohibitively high instantaneous bus overvoltage. 

Results 

The qualitative assessment of failure modes and effects is summarized in Table 
2.7-2. In general, failures are only listed for components in the upper stage 
of Figure 2.7-3. Identical failires in the other two stages have the same 
failure effects. 



Figure 2.7-3. FMEA Circuit Model 
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Table 2.7-2. Failure Nodes and Effects Analysis (FMEA) Summary 
TWo Regulators in Parallel Supplying Load Bus 


Item 

No. 

Component 
or circuit 

Failure 

mode 

Fallire effect 

1 

Cl -input 
capacitor 

Open 

Loss of 1/3 t/f input filter— increase 
in switching noise on array, but within 
specification limits 

2 

Cl -input 
capacitor 

Short 

Fuse FI blous. 

3 

C 4-output 
capacitor 

Open 

Loss of 1/3 of output filter capaci- 
tance. Regulator performance remains 
within specification limits; output 
ripple increases. 

4 

C 4-output 
capacitor 

Short 

Fuse F4 blows. Same effect as Item 3. 

5 

L 1-filter 
inductor 

Open 

Loss of one power stage — duty cycle mi 
remaining stages increase — no loss of 
output power. 

6 

L 1-filter 
inductor 

Short 

Faulted stage tends to supply a 
greater share of bus load— output 
ripple increases but remains within 
specification limits. 

7 

Di-commu- 
tating diode 

Open 

Loss of commutating path for affected 
stage leads to failure (short) of power 
transistor. Same effects as Item 10. 

8 

D1 -commu- 
tating diode 

Short 

Fuse FI should clear fault. Same 
effects as Items 1 and 7 

9 

Q 1-power 
transistor 

Open (no 
turn on) 

Loss of one power stage — remaining 
stages capable of supplying regulator 
rated load. 

10 

Q1 -power 
transistor 

Short 

Fuse F10 blows. 

11 

F7 input fuse 

Open 

Loss of one complete stage — remaining 
stages can supply regulator rated load. 

12 

Driver input 
to Q1, Q2, Q3 

Drives to 
maximum duty 
cycle. 

Loss of complete regulator. 

13 

Driver input 
to Q1, Q2, Q3 

Fails off 

Loss of complete regulator. 

14 

External 

fault 

Short on 
output 

Loss of both regulators (fall safe). 

15 

Remote 

sensing leads 

Open 

No interruption in service. 

16 

Remote 

sensing leads 

Short 

No Interruption in service. 
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All items in the table with the exception of 14 result in fail-operational 
conditions. 


A summary of failure modes and operational characteristics is given in Table 
2.7-3. 


Table 2.7-3. Voltage Regulator Safety Features 


Fail ire mode 

Corrective action 

Operational status 

Overvoltage 1 



Power transistor 
shorts 

FUse blows 

Fail operational 

Control drives to 
maximum duty cycle 

Protection circuits isolate 
faulted regulator from bus 

Fail operational 2 

Remote sensing leads 
short 

Fuse blows in sensing 
circuit. Revert to internal 
reference and operate at 
lower output voltage 

Fail operational 

Overcurrent 



Output short 
circuited 

Fuses blow 

Fail safe 

Overload 

Protection circuits limit 
output current until 
overload clears 

Fail operational 

Control fails off 

Output power goes to zero 

Fail operational 2 

Remote sensing 
circuit, opens 

Revert to internal refer- 
ence and operate at 
lower output voltage 

Fail operational 

^Nain bus voltage does 

not exceed 33V limit used as 

study baseline. 

2 

Paralleled fuel cell 
faulted regulator. 

power output increases to make 

up for loss of 
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2.8 STRUCTURAL DESIGN CRITERIA 
Objective 

The objective of this analysis is to define a solar array mast design criteria 
including a compliant structure concept needed to reduce solar array mast and 
RMS load response to Orbiter PRCS and VRCS firing. 

Conclusions and Recommendations 

The following conclusions are based on the dynamics analysis described herein. 
The major trade in this analysis involves Interactions between mast root 
moment, Orbiter maneuver rate change and wing compliance frequency. 

# A preliminary design value of 200 ft/lb ultimate load is recommended 
for the mast design criteria. 

e Compliance structure should be included at the root of the array mast 
to reduce mast and RMS loads to an acceptable level. The compliance should be 
about two axes; perpendicular to the array and transverse to the array. A wing 
first cantilever frequency of 0.02 Hz about both axes is recommended. 

e The preliminary baseline solar array blanket tension recommended is 22 
pounds and gives adequate margin against mast/blanket collision. 

e Since adequate system damping (Sections 2.14 and 2.18), may inherently 
exist in the PEP structure and RMS (particularly the joints), no damper was 
included in the baseline design. If additional damping is required, possible 
approaches are: including a damping mechanism with the compliance structure at 
the array mast root, utilizing mast and array blanket designs with built-in 
damping properties, using the PEP gimbal controller for active damping and 
adding a viscous-mass damper to the PEP wings. This latter approach was ana- 
lyzed. The damper was mounted on the wing box cover (outer end of the array) 
and can meet the one percent-of-crltlcal preliminary damping ratio requirement 
(Sections 2.14 and 2.18) with a 5- to 10-pound total damper weight for both 
wings. 

The following recommendations are made for use in future work: 

a The VRCS should be used for nominal limit cycle operations with the 
deployed PEP when plune impingement occurs. 

# Either the PRCS or VRCS may be used for limit cycle operation when no 
significant plune impingement occurs. 

a The VRCS thrusters may be held on indefinitely (except in roll as 
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described below) when the array is not in the plune. Thus, large maneuver 
rates are possible with the VRCS. For a full-on VRCS roll maneuver, the PEP 
c.g. must be less than 40 feet from the Orbiter centerline or the array longi- 
tudinal axis must not be close to perpendicular to the Orbiter roll axis. 

• When no significant plune impingement occurs, PRCS maneuver rate maxi- 
rouns of 0.15 to 0.35 deg/sec are recommended when the array longitudinal axis 
parallels the pluige motion (no translation compliance). Rates up to one 
degree are possible when the plunge motion is perpendicular to the array lon- 
gitudinal axis. 

• When significant plune impingement occurs, maneuver or limit cycle 
rates should be limited to 0.03 to 0.04 deg/sec. This can only be achieved 
with the VRCS because of the large PRCS minimun impulse bit. 

• The preliminary analysis presented herein should be repeated with a 
more complex dynamic model. The model should include detailed modeling of RMS 
mounting flexibility, RMS flexibility and non-linear characteristics and a 
detailed PEP model. The number of cases considered should be expanded to 
verify worst case conditions have been identified. 

e More detailed plune impingement analysis is required to define optimum 
RMS/PEP positions and solar array orientations as a function of Orbiter orien- 
tation. Further analysis must consider Orbiter orientation and maneuver 
requirements in detail . 

Approach/Discussion 

Figure 2.8-1 defines three typical RMS/PEP positions. The solar array rotates 
about the PEP Alpha and Beta gimbal axes from the positions shown. Additional 
variation is possible by altering the RMS joint angles while maintaining the 
end effector wrist roll axis constant relative to the Orbit'.r. The typical 
Orbiter orientation relative to the orbit plane, used with each RMS/PEP posi- 
tion is noted. Positions 2 and 3 receive significant plune impingement from 
the aft thrusters and all three positions can be in the plume of the forward 
thrusters. 

The simple model shown in Figure 2.8-2 was used to define the PEP mast root 
loads and RMS joint loads. The P*1S joint loads were calculated by transforming 

the force (F^) anc j moment (M^) at the PEP center of gravity to the appropriate 
RMS joint position. The wing compliance modeled as a clockspring (K) at the 
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NOTE; SOLAR ARRAY ROTATES 
ABOUT THE a AND /SAXES 
FROM THESE POSITIONS 


K@ 


I J 


POSITION NO. 

PEP POSITION 

TYPICAL ORBITER ORIENTATION 

1 

FORWARD 

X-POP 

2 

LEFT 

Y-POP 

2 

Figure 2.8-1. Typical PEP/RMS Positions 

LEFT AND BELOW 

Z-POP 


M ■ 

10. 8 SLUG (158 Kg) 

m 

J - 

15. 8 SLUG (232 Kg) 

18 SLUG -FT 2 (24.4 Kg-M 2 ) 

1 ■ 

25, IW SLUG-FT 2 (35, 000 Kg-M 2 ) 

L • 

54.1 FT (16.5M) 

i - 

1.5 FT (0.46M) 

K ■ (1 + mn o, WHERE w 1 $ THE COMPLIANCE 
FREQUENCY (RAD/SEC) 

Figure 2.8-2. PEP Dynamic Modal 
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root of each wing represents mast compliance and/or blanket compliance and/or 
a compliance spring specifically mounted at the mast root. This same model was 
used for dynamics both in and perpendicular to the solar array plane. The 
position (X Q ) and rotation ( e c ) of the PEP center of gravity were calculated 

as a function of 0*biter rotation for each of the configurations shown in 
Figire 2.8-1. Mast root moment and RMS joint loads were calculated for a pitch 
maneuver for RMS/PEP Positions 1 and 3 and a yaw maneuver for Position 2. 

These maneuvers were analysed since they represent the longest lever arms for 
PEP plunge motion for each configuration and included a potential for plune 
impingement loads in addition to inertia loads. Thus, they are expected to be 
worst case. The compliance of the RMS was calculated based on a 0.3 Hz 
no-payload cantilever frequency. 1 

The plune impingement forces and moments were calculated for RMS/PEP Positions 
2 and 3. They were applied to the model (Figure 2.8-2) as "F.," and "M " and 
the corresponding mast root moment and RMS joint moments determined. Since 
Orbiter angular rate increment is proportional to thruster impulse, as is 
plune impingement impulse, plune impingement impulse is proportional to angu- 
lar rate increment. It should be noted, also, that since the PRCS and VRCS 
thrusters are similar, the impingement pressures are proportional to thrust 
and so impingement impulse pe> incremental Orbiter rate is the for the 

PRCS and VRCS. The PRCS ...inimum impulse bit is much larger, however. 

Since PEP center of gravity linear motion (X )* rotational motion (e ) and 

c c 

plune impingement force and moment (F^ and M^ are assumed to be linear func- 
tions of Orbiter rotation, the mast root torques and RMS joint torques can 
easily be calculated for the single input disturbance, Orbiter rotation. 

Loads were calculated based on impulse rather than acceleration since RMS and 
PEP wing compliance was included. If the disturbance durations are short rela- 
tive to the compliance oscillation periods of interest, the loads are linear 
functions of disturbance impulse. This conservative assumption was made and is 
implicit in the results unless otherwise stated. 


’McDonnell Douglas Report MDC G7555 (Vol. 2), "Orbital Service Module Systems 
Analysis Study Documentation, Technical Supporting Data,” Paragraph 2.1.6, 
dated December 1978. 
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Preliminary solar array blanket tension was defined using a detailed dynamic 

p 

Orbiter/HMS/PEP model . The specific model was of the offset, single blanket 
with the PEP positioned similar to the Position 3 defined herein in Figure 

2.8- 1. A compliance spring mounted at each mast root with a rigid wing canti- 
lever frequency of 0.02 Hz was utilized based on preliminary calculations. The 
blanket tension selection was based on relative blanket/mast deflection 
resulting from an Orbiter roll maneuver and the plune impingement load associ- 
ated with a pi ten maneuver. Mast root loads and RMS joint loads were also cal- 
culated for these cases for various blanket tensions. 

As noted in Sections 2. 14 and 2. 18, some system damping is desirable to dissi- 
pate disturbance-induced energy in the PEP. The structural damping will be 
hard to define and is expected to be quite low so damping may have to be de- 
signed in. If a high compliance structure at the mast root is used, a damper 
may be mounted along with the compliance structure to act against the compli- 
ance motion. An alternate approach would be to place a viscous-spring- mass 
damper somewhere on the solar array wing. The damping potential for this con- 
cept was analyzed with the model shown in Figure 2.8-3. 

Results 

The rigid body linear displacements of the PEP center of gravity (c.g.) are 
shown in Figure 2.8-4 for small roll, pitch, and yaw Orbiter rotations for the 
three RMS/PEP positions in Figtre 2.8-1. Using the model defined in Figu-e 

2.8- 2, the 12 transfer functions in which apply to the array compliance axes 
were derived (Table 2.8-1). The maximum value of the impulse response for each 
transfer function was calculated (excluding the initial value if non-zero) and 
is also shown in Table 2.8-1. The magnitudes are shown as a function of the 
wing cantilever frequency (f). These transfer functions apply to both in and 
out of the solar array plane motions. They do not apply to motions along the 
PEP longitudinal axis or to rotations about that axis. The transfer functions 
used for these lonngltudinal axis motions were based on an RMS cantilever 
frequency of 0.15 Hz and are also shown in Table 2.8-1. The 0.15 Hz RMS 
frequency was derived by mounting a 42 slug (614 Kg) point mass (mass of PEP) 
on an extended RMS with an unloaded cantilever frequency of 0.3 Hz. 3 a point 
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Figure 2.8-3. Mass-Damper Model 


RMS/PEP POSITION 1 


/ AX \ 

/ 0.23 A0 \ 

AY ). 

■ ( 1.6A0 ) 

\ AZ / 

V-O.23A0- 1,6 AO / 


NOTES 


RMS/PEP POSITION 2 


/ AX \ 

/ 1.1 A 0 \ 

1 AY. - 

0.63 A 0 ) 

\ AZ / 

V-1.1A0- 0.63 AO/ 


RMS/PEP POSITION 3 


/ AX \ / 0.59AO+0.51 A0 \ 
AY - *0.59 A0+O.63 A0 
\AZ / \-0.51 A0-O.63A6 / 


• A0, AO, A0 - ORB ITER ROLL, PITCH, YAW 

• ANGLES IN DEGREES 

• PEP TRANSLATIONS IN FEET (AX, AY, AZ) 

• RATES AND ACCELERATIONS USE THE 
SAME PROPORTIONALITY CONSTANTS 


Figure 2.8-4. PEP Translation to Orbiter Rotation Relations 
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Table 2.8-1, PEP Load Transfer Functions 


Input disturbance 


Load AX c (ft/sec) Ae^deg/sec) F^tUb/sec) MjAt(ft-lb/sec) 



-125f 

0 

Uf 0.0T5f 


PEP wing 

M c (ft-lb) 

0 

-l6,400f 

-340f 6.5f 


compliance 

frequency 

T^ft-lb 

5,350? 

-8,000f 

-335f 6.3? 


f (Hz) 

F r (lb) 

40 


f RMS compliance (0.15 Hz) 





for PEP longitudinal 
1 translation 



M-lft-lb) 


367 

(RMS compliance (0.15 Hz) 


0 


1 

for rotation about PEP 



i longitudinal axis 

Nomenclature 

AXq - Translation rate change at PEP center of gravity (eg) 
A0 C - Rotational rate change at PEP eg 
F-l - Plume force impulse at wing 1 eg 
M 1 - Plume moment impulse about wing 1 eg 
- Fc - Force at PEP eg 
Me - Moment about eg 
Ti - Mast root moment (ving l) 


mass was used because it was assumed that the PEP rotational compliance was 
much higher than the RMS rotational compliance (about the two large moment of 
inertia axes) and that the small PEP longitudinal axis moment of inertia had 
little effect on the RKS/PEP cantilever frequency. By using the translation 
data in Figure 2.8-4 with the tranafer functions in Table 2.8-1, the applied 
force and moment at the PEP ;.g. and the mast root moment were calculated for 
an arbitrary Orbit^r rate change. 


The force and moment a. the wing c.g. are used for calculating the response to 
plune impingement. Figure 2.8-5 defines the steady-state VRCS plune force on 
the solar array as a function of distance from the thruster for the conditions 
noted. Figir -6 defines steady state mast root moment for variations on 
RMS/PEP Positive 2 for the array perpendicular to the thruster centerline (6 r 
90 degrees) and canted 45 degrees (6 = <+5 degrees). Since the impact pressure 
on the array goes as the square of the sine of the angle of incidence, a 
45-degree cant reduces the load in halt . Thia dynamic load is attenuated rela- 
tive to the steady-state load by the shor>- thruster firing time in conjunction 
with the wing compliance. 
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STEADY 
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PLUME 

LOAD 

(LBS) 



200 300 400 500 000 700 

DISTANCE OF VRCS EXIT PLANE FROM ARRAY (INCHES) 


Figure 2.8-5. VRCS Plume Load 
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NOTE 

• CONTINUOUS 
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• ZERO ARRAY 
STATION IS 
COMPLIANCE 
SPRING HINGE 
LINE 



OPERATING 


ftEGION 

. - 1 

1 



0 200 400 600 800 1000 1200 

AFT VRCS JET CENTERLINE IMPINGEMENT ARRAY STATION (INCHES) 

Figure 2 .8-6. VRCS Plume Load, RMS Position 2 (Y-POP-ZLV) 
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Figure 2.8-7 corresponds to RHS/PEP Position 3 (Figure 2.6-1). The effects of 
tilting the array about a transverse and Beta axes are shown. The 10-degree 
transverse axis tilt increases the distance between the aft jet and the array 
by 10 to 17 feet (nominal of 38 feet) depending on the RMS shoulder yaw posi- 
tion. As noted above, the load is attenuated by short thruster firing time in 
conjunction with the wing compliance. 

Based on the above impingement data, the maximum steady state aft VRCS pluae 
impingement forces and moments at the wing c.g. are: 


RHS/PEP position 

2 

3 


F orce (F ^) 

-6. A lb (-Y) 
-7.4 lb (+Z) 


Moment (M ^) 

90 ft-lb (*Z) 
300 ft-lb (+Y) 


The PRCS forces and moments are about 36 times larger since the impact pres- 
sure scales with the thrust. Plune loads were not calculated for the forward 
thrusters since it was assumed that the effects are similar or less severe 
than f the aft thrusters. The aft VRCS maximum plune loading for RMS/PEP 



0 200 400 000 MO 1,000 1,200 1,400 1.600 

CENTERLINE JET IMPINGEMENT ARRAY STATION (iN.) 

Figure 2.8-7. VRCS Plum# Load. RMS Portion 3 (Z-POP, YLV) 
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Position 1 is small. The aft PRCS plune loads result in a maximum steady state 
force and moment at the wing c.g. of about 3.2 lb and 62 ft-lb, respectively. 

Since the aft VRCS and PRCS thrusters have about the same lever arms from the 
Orbiter c.g., the thruster impulse for a given rate change is the same for the 
PRCS and VRCS. Likewise with the plume impingement impulse. Therefore, the 
plune impingement impulse is proportional to Orbiter rate change and independ- 
ent of the thrust level . The impingement impulse per Orbiter rate change can 
be summarized as follows: 


RMS/PEP position 

Force impulse (F^ At) 

Moment impulse (M^ At) 


(lb- sec/deg/ sec) 

( ft- lb-sec/deg/ sec ) 

2 

-490 

6900 

3 

-460 

19,000 


Using the data described above, the force and moment at the PEP c.g. and the 
mast root moment can be defined .’or a given Orbiter rate change including 
plune impingement effects. One conservatism should be kept in mind, however. 
The impulse response calculation assumes that the Orbiter rate change takes 
place over a short time relative to the period of the compliance resonances 
being considered. If the acceleration occurs over a quarter of the compliance 
period, the short diration pulse assumption it conservative by about 11 per- 
cent. This corresponds to 1.7 seconds firing time for the RMS compliance 
frequency of 0.15 Hz and 1/(4f) seconds for an "f" Hz wing compliance 
frequency. Corresponding rate changes are shown in Table 2.6-2. 

The data described above defines the maximun force and moment at PEP c.g. and 
the maximum mast root moment for a given Orbiter rate change. The RMS joint 
torques are calculated from the PEP c.g. force and moment and the appropriate 
lever armr. 

The loads are proportional to Orbiter rate change and a function of the wing 
compliance frequency. Assuming a maximum allowable loa<l defines a region of 
allowable Orbiter rate changes and wing compliance frequencies. Figures 2.8-8, 
-9 and -10 define these regions for the three RMS/PEP positions and the condi 
tions noted. The maximun loads assumed are ultimate loads. The RMS joint load 
limits are minimun brake-slip loads and the 200 ft-lb mast root load limit is 
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Tab!*’ 2.8-2. Rate Changes for One-Quarter Compliance-Period Firing 




Compliance frequency (Hz) 

Thrusters 

0.01 

0.1 

0.15 

PRCS (two aft thrusters) 

Roll 

30 

3 

2 

Pitch 

15 

1.5 

1 

Yav 

15 

1.5 

1 

VRCS 

Roll (two thrusters)* 

0.50 

0.050 

0.033 

Pitch (two aft thrusters) 

0.43 

0,0li3 

0.029 

Yav (one aft thruster) 

*One forward, one aft 
Note: rates are in deg/sec 

0.22 

0.022 

0.015 



<Ht> 



NOTES* 

• 0.15 Hi RMS/PEP CANTILEVER FREQUENCY 

• PITCH MANEUVER 

• VERY CONSERVATIVE FOR VRCS 

• AFT THRUSTORSONLY 
CURVE 

1) MAST ROOT MOMENT- 200 FT-LP 

2) RMS WRIST PITCH MOMENT - 20C FT -LB 

3) RMS ELBOW PITCH MOMENT - 410 FT-LB 

4) RMS SHOULDER PITCH MOMENT -606 FT-LB 

— ' ■ array along y-axis 

— > — ARRAY ALONG Z-AXIS 


Figure 2.8-8. PEP Compliance Frequency Venue Pitch Rate Change, PEP/RMS Position 1 
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I 


ORBIT I PLANE 


NOTES: 

• 0.16 Hz RMS/PEP CANTILEVER FREQUENCY 

• YAW MANEUVER 
CURVES 

1) MAST ROOT MOMENT- 200 FT-LB 

2) RMS WRIST YAW MOMENT -200 FT-LB 

31 RMS SHOULDER YAW MOMENT -SOS FT-LB 


ARRAY ALONG Z AXIS 


__ ARRAY ALONG X-AXIS 

(NO PLUME IMPINGEMENT) 

ARRAY ALONG X-AXIS. PARALLEL 
....... jo X-Z PLANE (PLUME IMPINGEMENT 

EFFECTS ONLY) 

MINIMUM RATE CHANGE WITH PRCS 


rigiira 2 JM. PEP Compiiane* Frequency Verms Yew Rate Change, RMS/PEP Position 2 


the preliminary design load and includes a blanket tension bias load of 33 
ft-lb (22-lb blanket tension). Selecting a mast ultimate load capability of 
200 ft-lb results in rate change constraints imposed by the mast being similar 
to those imposed by the FMS wrist joints which sre 200 ft-lb. The rate changes 
on Figures 2.8-8 through -10 scale proportionally to the allowable loads 
assumed except for m. _t root moment which has a bias of 33 ft-lb due to the 
blanket tension of 22 lb. Thus, the mast-root-mcment rate changes scale pro- 
portionally with the assumed load minus 33 ft-lb rather than with the assumed 
load. 


Note that the data on Figures 2.8-8 through 2.8-10 become more conservative as 
the firing time required to achieve the rate increases. These curves are very 
conservative for the VRCS except for the plun'* impingement data where the rate 
changes are small. Table 2.8-2 defines the rate changes that result in about 
"• 11 percent conservatism (firing time of 1/4 of a compliance oscillation 
period) . 
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WING COMPLIANCE FREQUENCY (Hi) 




NOTES: 

• 0.16 Hi PEP/RMS CANTILEVER FREQUENCY 

• PITCH MANEUVER 

• SOLAR ARRAY ALONG X-AXIS 

CURVES 

1) MAST ROOT MOMENT « 200 FT-LB 

2) RMS WRIST YAW MOMENT -200 FT-LB 

3) RMS SHOULOER PITCH MOMENT -SOB FT-LB 

4) RMS SHOULOER YAW MOMENT -SOS FT-LB 


■ NO PLUME IMPINGEMENT 

_ «, _ PLUME IMPINGEMENT EFFECTS ONLY 
(ARRAY PARALLEL TO X Y PLANE) 
MINIMUM RATE CHANGE FOR PRCS 


Figure 2.8-10. PEP Compliance Frequency Venue Pitch Rett Change, RMS/PEP Position 3 


The constraints which apply to the VRCS are primarily due to plune impingement 
effects (Figures 2.8-9 and -10). The mast root and RMS joint inertia loads 
associated with the VRCS are acceptable when continuously firing except for 
roll maneuvers with the PEP c.g. over 40 feet from the Orbiter X-axis and the 
solar array oriented perpendicular to the Orbiter X-axis. As discussed in 
Paragraph 2.18, the VRCS pitch and yaw limit cycle rates expected are +0.006 
deg/sec or rate changes of 0.012 deg/sec. With the array in the plune, some 
wing compliance is required to maintain the mast root moment under 200 ft-lb 
during VRCS limit cycle (Figures 2.8-9 and -10). For RMS/PEP Position 3, the 
wing compliance frequency must be less than 0.05 Hz. Since large uncertainties 
are likely regarding plune impingement effects, at least a factor of two mar- 
gin is desirable. Based on this thinking, a preliminary design wing compliance 
frequency of 0.02 Hz was chosen. This compliance applies to motion perpendicu- 
lar to the array plane. 
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The PRCS maximum pitch and yaw limit cycle rates described in Paragraph 2. 18 
were +0.06 deg/sec or rate changes of 0.12 deg/sec. Figures 2.8-9 and -10 show 
that wing compliance frequencies below 0.01 Hz would be required to reduce 
loads to acceptable values for these PRCS limit cycle conditions when plune 
impingement occurs. Thus, PRCS limit cycle with plune impingement is not 
allowed by the baseline wing compliance frequency of 0.02 Hz. 

Maneuver rate limitations can also be determined from Figures 2.8-8 through 
-10. When plune impingement is significant, maneuver rate changes must be less 
than 0.03-0.04 deg/ sec for the baseline wing compliance. Feathering the array 
to the plune using the Beta gimbal could be used to reduce plune loads 
significantly for maneuvers. Also, tilting the array as shown in Figure 2.8-7 
can reduce load somewhat. When plune loads are not significant, allowable 
maneuver rate changes are much greater (typically over 0.25 deg/ sec ) . 

The maneuver rate limitations ere a strong function of array orientation rela- 
tive to the maneuver axis. When the array longitudinal axis is along the 
maneuver axis, the wing compliance concept allows for load reduction to both 
plunge and rotational motions. The wing compliance concept does not include 
compliance for plunge motion along the array longitudinal axis. The RMS 0.15 
Hz cantilever frequency assumption provides the only compliance for the 
baseline configuration for longitudinal plunge. The allowable maneuver rate is 
a function of wing compliance, however, because most bending moments do con- 
tain a component due to rotation which is a function of the wing compliance 
(Curve 4, Figure 2.8-10 is an exception). 

As discussed above, plune effects require significant wing compliance for 
motion out of the array plane. Figures 2.8-8 through -10 show that significant 
wing compliance is also necessary to allow maneuver rates using the PRCS above 
0.08 to 0.1 deg/ sec. This requirement applies to wing deflections in the array 
plane as well as out of the array plane as required by plune considerations. 
Thus, wing compliance both along the array transverse axis and perpendicular 
to the array were included in the baseline. The perpendicular axis compliance 
frequency was preliminarily chosen the same as the transverse axis (0.02 Hz) 
so that out of plune maneuver capability would be independent of orbit Beta 
angle (Beta gimbal angle position). Also, it can be noted that the allowable 
rate change begins to decrease rapidly for wing compliance frequencies above 
0.02 Hz. 
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Since the allowable maneuver rates with the array perpendicular to the maneu- 
ver axis may be lower than required (Spacelab II requires a 0.25 deg/ sec pitch 
maneuver), RMS/PEP position and array orientation constraints may be required 
for certain maneuvers. This is quite feasible since many RMS degrees of 
freedom allow wide variations on the three RMS/PEP positions discussed here. 
Mission specific analysis will be required to define operating procedures for 
each mission. 

Adding an additional compliance along the array longitudinal axis would reduce 
the load sensitivities to the array orientation/maneuver axis relationship. 
Mechanizing this type of compliance appears more complex than the wing compli 
ances modeled for this analysis. Therefore, since no clear requirement was 
seen for this general maneuver capability, longitudinal compliance was not 
included in the baseline. 

The wing compliance discussed above can result from many places including 
array mast flexibility, array blanket flexibility on a specifically included 
compliance structure at the root of the mast. The strength requirement for the 
mast (200 ft-lb) forced the mast stiffness up to a value which precluded wing 
cantilever frequencies near the 0.02 Hz requirement. 

The baseline array is a single blanket per wing, clearing the mast by 13 
inches. Oynamic clearance between the blanket and the mast was analyzed and 
the results shown as o function of blanket tension on Figure 2.8-11. This data 
was generated with the detailed finite element model defined in the 

4 

Reference. The RMS/PEP position analyzed was similar to Position 3 defined 
herein. The plume load clearances were determined with the array rotated under 
an aft VRCS thruster and the inertia loading with the array along the Obiter 
Y-axis. A preliminary blanket tension of 22 pounds was chosen to provide a 
factor of two clearance margin. A blanket frequency of 0.088 Hz resulted which 
is higher than the desired 0.02 Hz wing compliance previously discussed. Since 
neither the mast or the blanket could provide the needed wing compliance, it 
was decided to baseline the compliance at the root of the mast. 

A comparison of the loads generateu by the model shown in Figure 2.8-2 used in 

5 

this analysis and the more detailed model described in the Reference showed 
the simpler model used here to be conservative. The case compared was 0.25 
deg/ sec roll maneuver with RMS/PEP Position 3 and the array along the Or biter 
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0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

TOTAL BLANKET TENSION (LB) 


0.060 0.073 0.088 

FIRST MODE BLANKET NATURAL FREQUENCY (Hz) 

Figure 2.8-11 Htgh«r Blanket Tension Increase! Btanket/Mast Dynamic Cleeranea 

Y-axis. Two blanket tensions were analyzed with the finite element model of 
the Reference.® The results are: 


Reference' model 


Mast root moment (ft-lb) 87 70 48 

RMS wrist pitch moment (ft-lb) 145 100 83 

The additional flexibility in the detail model relative tto the simple rigid- 
wing model results in the lower loads. 

Sections 2.14 and 2.18 identify a requirement for mechanical damping of the 
compliance structure modes. Since the damping requirement may be as low as one 
percent of critical, a viscous-spring-mass damper module mounted at the outer 
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end of the mast was considered. Figure 2.8-3 shows the analysis model. The 
system damping was evaluated for various damper system parameter values. The 
main consideration was weight since the damping system represents added mass 
to the system. Table 2.8-3 contains the results. The optimum damping system 
(maximum system damping for a given damper weight) was not defined, but it is 
clear that system damping well in excess of one percent of critical is possi- 
ble with small damper mass values relative to the total wing weight of 509 
pounds. 


Table 2.8-3. System Damping With Mass Damper 


— — x 100* 
r. 

Damper 

damping 

ratio 

System damping (percent of critical) 


Damper frequency (Hz) 

0.01 

0.015 

0.02 

0.01+ 


0.2 

0.23 

0.75 

1.9+ 

0.06 

C.5 

0.7 

0.U7 

0.57 

0.50 

1.1 


1.5 

0.37 

0.30 

0.23 

0.09 


0.2 

0.1+7 

1.5 

4.0+ 

1.0 

1 

0.7 

0.95 

1.1 

0.98 

0.22 


1.5 

0.71+ 

0.59 

0.1+5 

0.18 


0.2 

0.93 

2.8 

6.3+ 

0.10 

2 

0.7 

1.9 

2.3 

1.9 

0.1+0 


3.5 

1.5 

1.1 

0.87 

0.3!+ 


0.2 

2.3 

6.3+ 

6.2 

0.35 

✓ 

0.7 

1+.8 

5.6 

1+.2 

0.80 


1.5 

3.5 

2.6 

1.9 

0.73 


0.2 

1+.3 

10 

5.1+ 

0.1+6 

10 

0.7 

9.9 

11+ 

6.6 

1.2 


1.5 

6.2 

1+.1 

3.2 

1.1 


o.2 

8.0 

8.9 

1+.3 

0.05 

20 

0.7 

21+ 

16 

8.0 

1.1+ 


1.5 

10 

6.6 

1+.6 

1.5 

*Ratio of damper mass to wing mass in percent 



+M:iximu:n values 






Notes: 0.02 Hz 

wing compliance frequency 



Based on model on Figure 2,8-3 
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2.9 PEP GIMBAL DEFINITION 
Objective 

The objective of this task is to define the gimbal mechanism required for PEP 
to a level suitable for concept validation and specification preparation. 

Conclusions and Recommendations 

Based on the PEP reference design for the ADA, the available envelope for the 
two-axis glmbal assembly is adequate to provide the required functions. « 

The critical design development element within the gimbal assembly is the 
mechanism used to transfer the high current power circuits together with the 
sensitive low power instrumentation and control circuits across the continu- 
ously rotating Alpha axis joint. Although the technology exists to solve this 
design problem it will require development testing of specific designs to dem- 
onstrate function and reliability of this element. The first phase of this 
development is underway as part of RTOP 906-51. It is recommended that this 
effort be continued as a pre-ATP development item. 

Approach 

Using the reference configuration for PEP the gimbal assembly requirements 
were derived. These requirements established envelope, axis relative location, 
torque, rate, number of power and signal conductors, current levels, voltage 
levels, voltage drop across the slip rings, drive power limits, travel, etc. 

From these requirements a preliminary specification has been prepared which 

can easily be converted into the final procurement specification. In addition, 

a conceptual layout was done primarily to evaluate mechanism sizes, gear 

ratios and envelope restrictions. ^ 

Results 

Figure 2.9-1 illustrates the relationship between the RMS, power cable, gimbal 
assembly, and ADA structure. The gimbal assembly Alpha axis rotor is equipped 
with a standard design grapple fixture which interfaces with the SPEE. The 
power cable connector is fixed to the external surface of the SPEE and after 
the mechanical hookup between the grapple fixture and the SPEE is made, the 
electromechanical actuator which is attached to the gimbal assembly engages 
the power cable electrical connectors. 
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ELECTRONIC COMP 
RADIATION AREAS 


END EFFECTOR 
CAMERA^ 


RMS/ORBITER 

INTERFACE 



POWER 

CABLE 


RMS GRAPPLING < 
FIXTURE 


SPEE 
FIXED 

CONNECTOR 


FfejreZ9-1. RMS Power Cable end Gimbal Schematic 


Figure 2.9-2 illustrates the conceptual layout which was produced to explore 
the drive concept and envelope restriction. The design uses a unique planetary 
friction drive system incorporating dual motors. Conventional slip rings and 
brushes are shown for the electrical power transfer mechanism. Since this lay- 
out was produced additional study has indicated that redundant drive motors 
are probably not necessary. The ADA can be stowed in the Orbiter bay by the 
RMS with the gimbal in any position within its limits of travel. Therefore, a 
motor failure would not constitute a safety hazard or loss of the array. Addi- 
tional work under RT0P-906-51 is exploring the use of an invention by Sperry 
Flight Systems called Roll-Rings to replace conventional slip ring-brush 
assemblies. 


The preliminary specification for the PEP gimbal is contained in Appendix B. 
The requirements for the performance of the Alpha and Beta drive systems are 
identical except for travel. This will allow a common drive system to be used 
on both axes. The stall torque minimum limit was based on retaining the abil- 
ity of the gimbal to track during plune loads on the array combined with 
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POSITION ENCODER 



REDUNDANT MOTORS 


Figure 2.9-2. PEP Gimbd Concept 


dynamic loads. The maximum stall torque is specified to a level below the 
bending strength of the mast. The rate is based on dynamic considerations of 
tracking during an Orbiter maneuver and the potential of using gimbal motion 
to impart damping to array oscillations. 

The weight of the gimbal assembly is specified as HO potnds. This is based on 

a target weight of the complete assembly including unbilical actuator and 
grapple fixture of 73 pounds. 

The slip ring assembly carries 12 wires (six circuits) for the solar array 
power. These circuits are specified to carry 60 amps at a voltage from 90 to 
2H0. The current level was derived from the power system analysis for the max- 
im® current level expected. There are 2H wires for low power, instr mentation 
and control. These wires match the circuits of the RMS and SPEE. 

The maxim® voltage drop requirements were based on Sperry Flight Systems data 
on Roll-Ring performance. 

The envelop and electrical schematic show three connectors with four pins 
each for the power hookup. Further study into connector availability and har- 
ness fabrication indicates that four smaller connector t with three pins each 
would be more compatible with the power system diode assemblies. 
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2.10 MAST AND CANTSTER PRELIMINARY DESIGN CRITERIA 
Objective 


The objective of this task was to assess array/mast deployment kinematics, 
operational and maneuver loads and PEP configuration concepts to develop 
design criteria for preliminary sizing and concept selection for the array 
wing mast and its related stowage canister. 

Conclusions 

The analysis concluded that the mast and canister sizing used in the PE 9 
configurations is realistically representative for the deployment, maneuver 
and Orbiter VRCS plune loads derived as a result of the dynamic analysis 
reported in Section 2.8. Agreement has been obtained from two commercial 
sources of stowable masts as to that coinion. One commercial source presented 
later advance material indicating that new concepts evolving for coilable 
masts may yield substantially smaller canister diameters for the same strength 
if lower bending stiffness is acceptable. Such concepts should be pursued in 
the future, since lower mast stiffness results in lower natural frequency, and 
the compliance requirement necessary within the wing canister central support 
would be less and may be mere easily implemented. The mast for the reference 
configuration requires a bending strength of 143 ft- lb limit, 200 ft-lb ulti- 
mate, has a deployed length of 1450 inches, and is contained in a canister 21 
inches in diameter and 55.7 inches long. 

Approach 

The overall sizing of the mast is derived from the deployed geometry of the 
solar array blanket r.nd the blanket tensioning loads, maneuver loads and ACS 
plune impingement loads on the blanket. 

Blanket tensioning provides a continuous compression load, and due to its 
eccentric location, a continuous bending moment on the mast. These load condi- 
tions are selected in conjunction with the mast stiffness to establish the 
nominal steady state clearance between the blanket and the mast longerons (due 
to mast bowing). This cleaarance is necessary to minimize impact of the blan- 
ket with its solar cells against the mast as the result of dynamic flexure of 
the blanket and the mast. Th* principal determination of mast bending strength 
stems from the ACS plune loads on the blanket, in fact, for the worst case 
conditioning plune loading was approximately 70 percent of the design loading. 
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Variations in . configurations such as the geometry resulting from the 
rotating canister concept (the reference configuration) and from the fixed 
canister configuration show approximately 10 percent variation in design 
bending moment. Figure 2.10-1 compares the reference configuration with the 
fixed canister concept first with the canister located with the same mast cen- 
troid to blanket distance and second with the same mast longeron to blanket 
clearance. 


([BLANKET 

SLJ&-P 

I { 

ROTATING CANISTER 


A 

MAST CENTROID TO BLANKET 


A 


| 18.5 IN. | 


18.5 IN. 

] [ 

22.68 IN. | 

B 

MAST LONGERON TO BLANKET ClEARANCE 
(NOT INCLUDING MAST BOWING! 


B 


*3.7 IN. 

13.35 IN. 

] [ 

13.7 IN. | 

*B 

MAST DESIGN BENDING MOMENT 


m b 


1 200 LB-'T | 

(ULTIMATE) 

212 LB-FT 

| | 221 LB-FT | 

R 

MAST SIZE 


R 


| 9.48 IN. 


9.66 IM 

] [ 

9.79 IN. 


MAST AND CANISTER WEIGHT 




| 128 LB 


138 LB 

] C 

141 LB 


Figure 2.10-1. Fixed end Rotating Cannier Siting 



The general mast column loading which is due to blanket tensioning is rela- 
tively low, approximately 22 poinds. The coition load dtring the last few 
inches of mast retraction or extension from the canister stems from the solar 
array bex cover locking (or unlocking) loads is approximately 140 pounds. 

There is an associated bending moment which requires special treatt-v.it of that 
terminal portion of the mast to accommodate. 

The deployment rate for the mast and blanket is keyed to accomplishing full 
deployment in a 6-15 minute time range. In order to achieve this kind of 
deployment time, the mast rates are too high to satisfactorily lock the box 
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Table 2.10-1. PEP Hast Requirements 


1. Type — Automatically deployed and retractable mast using open lattice \ 

structure. The mast may be either a continuous longeron or an articulated li 

longeron . 

2. Deployed length — 1*50 inches I 

3. Bending moment — 143 ft lbs limit, 200 ft lbs ultimate 

4. Compressive load — 20 lb € full extension, 140 lb 8 0 to 10 in. extension 

5. Tension loa d — 140 lb € 0 to 10 in. extension 

6. Extension/retraction rate — Normal rate will be 4 inches/ second. The rate 
from 0 to 10 inches extension shall be 0.4 inch per second. 

7. Canister nut drive — The canister drive shall be equipped with redundant 28 
volt DC motors. Extension and retraction shall be possible with either 
motor inoperative. A two speed drive system shall be incorporated which 
will allow shifting from the 0.4 to 4.0 inches per second by applying a 
TBD volt/TBD amps signal to the gear box control. The maximum power to be 
consumed by the drive system when operating at maximum rate or maximun 
load shall be 100 watts. 

8. Weight — The canister, drive sysetem and mast shall not exceed 132 pounds. 

9. Life — The mast and associated mechanism shall have a useful life without 
maintenance of 100 minlmun extension/retraction cycles. 

10. Altitude— The operation of the mast will be at sea level for test and 
cneckout and at an altitude of 400 nautical miles maximum. 

Mast preliminary design 

Canisters: Diameter — 21 inches, Length — 55.7 inches 

Hast: Diameter— 18.96 inches, El— 64.23 x 10® lb in? 


cover and provide acceptable canister rotation rates in the reference 
configuration concept of self rotating canisters. Therefore, a two soeed rate 
technique is necessary and with approximately a 10:1 ratio of rates. 

Redundant motors for the mast deployment/retraction are considered necessary. 
Other implementations are acceptable; however, this study has conceived a con- 
cept wherein the dual motors are used to provide the dual deployment rate (one 
motor for low rate, both motors for high rate) as well as redundancy (either 
motor provides low rate). 
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Results 


The results of this analysis are presented as dimensional characteristics of 
PEP shown in configuration figures in Volune II and in Table 2.10-1, PEP Mast 
Preliminary Design Requirements. 

2.11 STRUCTURAL MODELING AND DYNAMIC ANALYSIS 
Objective 

The objective of this task was the analytical simulation of the PEP array 
deployment assembly and the use of this simulation in a dynamic analysis to 
obtain load factors. These were used to demonstrate that the design would 
maintain its structural integrity when subjected to the transient environments 
at liftoff and landing. 

Conclusions and Recommendations 

Comparisons of specification load factors from Table 4.2-2 of Volune 4, PEP 
Environmental Specifications, and computed load factors Indicate positive mar- 
gins of safety, since computed load factors are generally well below 
specification values. For the case of liftoff in the X ar-* Z directions, the 
computed load factors are nearly equal to the specification values. However, 
because of the very conservative nature of the analysis tAiich neglects 
phasing, the actual load factors would be below the specification levels. 

This load factor approach and the conclusions reached from this method are 
applicable to prinary structure in the preliminary design phase. When the 
array deployment assembly design becomes more definitive, a dynamic analysis 
will be performed in which sn expanded mathematical model of the array deploy- 
ment assembly will be coupled to the Space Transportion System and structural 
member loads will be obtained as a function of time. 

Approach 

The PEP array deployment assembly was dynamically modeled using the Nastran 
Computer Program. NASTRAN (Version 48), which was used, is a finite element 
computer program which is designed to analyze large complex structures for a 
variety of structural problems. Mathematical models of structures may be con- 
structed from the different finite elements of the program and either static 
or dynamic analysis performed on the model. Some analytical procedures in the 
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program include: static response to applied loads, thermal expansion, and 
imposed deformations; dynamic response to time dependent loads, steady-state 
sinusoidal loads, and random loads; computation of the natural modes of vibra- 
tion. The PEP was Idealized as an assemblage of quadrilateral plates, triangu- 
lar plates, and beam elements. A total of 180 gridpoints were used to define 
the PEP geometry, and the final system totaled 334 degrees of freedom. Figures 
2.11-1, -2 and -3 present schematics of the mathematical model. Also, 


definitions of the gridpoints, coordinate system, elements, material proper- 
ties and constraints are given in Tables 2.11-1 through -6. 



From the dynamic model, the first 17 constrained modes of vibration were com- 
puted. These modes ranged in frequency of 5.65 to 49.54 Hz and are listed in 
Table 2.11-7. 


Shock spectra from a previous analysis of the Shuttle transport/ cradle system 
with a 2320-lb baseline spacecraft were then used to define the individual 
modal responses. These spectra which are shown on Figures 2.11-4 through -9 
are envelopes of 10 liftoff and five 6 ft per sec landing conditions. 
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Figure 2.11 >2. Front View (+x) of Array Deployment Assembly Model 






GRID POINT 82 CONSTRAINED IN x AND : DIRECTION 
GRID POINT 144 CONSTRAINED IN x. y AND i DIRECTION 

Figure 2.11-3. Top View (z) of PEP Array Deployment Assembly Model 

Maxiraim spectrum values were used to compute the modal responses, which were 
squared and summed. The square root of the sum for any direction was then com- 
puted for the load factors. 

Results 

The results of analysis are presented on Table 2.11-8. The computed load 
factors are well below the specificat' •>n values except for the case of liftoff 
in the X and Z directions. However, as noted, the analytical approach is con- 
servative and the refined load factors will be below the specification levels. 
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Table 2.11-1. Array Deployment Assembly Math Model 
Gridpoint Definition (Page 1 of M 
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Ai m :iv i’eploynent Assembly Math Model 
Quadrilateral Plate Elements (Puye 1 c’ 1 ^0 
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Tabic 2,11-i*. Array Deployment Assembly Math Model 

Quadrilateral Plate Elements (Page 2 of 3) 
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Table 2,11-5. Array Deployment Assembly Math Model 

Triangular Plate Elements and Added Masses 
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.uble 2.11-7. PEP Array Deployment Assembly 


Mode number 

Frequency (Hz) 

1 

5.65 

2 

7.91 

3 

12.60 

H 

14. 12 

5 

15.12 

6 

17.03 

7 

16.01 

8 

18.90 

9 

19.40 

10 

22.20 

11 

27.52 

12 

34.86 

13 

37.51 

14 

44.49 

.5 

45.77 

>6 

48 . 22 

17 

49.54 
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Figure 2.11-4. STS/Bateline Spacecraft Cradle/Orbiter interface X-Axis Shock Spectrum — Liftoff 
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Figure 2.11-5. STS/Baseline Spacecraft C adle/Orbiter Interface Y-Axis Shock Spectrum - Liftoff 
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Figure 2.11-6. STS/Bdteline Spacecraft Cradle/Orbiter Interface Z-Axis Shock Spectrum - Liftoff 
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Figure 2.11-7. STS/Baseline Spacecraft Cradle, Cradle/Orbiter Interface X-Axis Shock Spectrum — Landing 
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Figure 2.1 1-8. STS/Baseline Spacecraft Cradle, Cradle/Orbiter Interface Y-Axis Shock Spectrum — Landing 
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Figure 2.11-9. STS/Baseline Cradle, Cradle/Orbiter Interface Z-Axis Shock Spectrum — Landing 


Table 2-11-8. Specification and Computed Load Factors 


Flight event 


Load 

Nx 

factor 

Ny 

(Gs ) 

Nz 


Liftoff 

Spec value 

3.2 

1.0 

2.5 



Computed value 

3.3 

0.3 

2.3 


Landing 

Spec value 

2.0 

1.0 

4.2 



Computed val ue 

0.8 

0.1 

2.5 



2.12 POWER SYSTEM CONFIGURATION 
Objective 

The objective of this study effort was to determine the overall electrical 
power system (EPS) sizing and electrical configuration , including sizing of 
the major components: (1) solar array, (2) voltage r<y ’j 1 ators , ( 1 1 distribu- 
tion and control, and (4) system wiring and cabling. 
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Conclusions and Recommendations 


The PEP solar array output power requirement is 32.9 kW (16.4 kW for each of 

2 

the 2 wings). Each of the 2 array wing blankets is 3.84 x 37.8 m = 145 m in 
ar^a. Each of the 6 power regulators must be sized for approximately 5.27 kW 
at the regulator terminals. The PEP power output i. f6.9 kW at the PEP 
interfaces (stations 693 and 636). 

Assumptions 

The system is assumed to require a net electrical output of 29.0 kW for sizing 
purposes; it is further assumed that the fuel cells will contribute all of 
this power at night and 3.0 kW nominal (3 FCP's at 1.0 kW each) during the 
daylight periods as required by mission duration objectives. The 29.0 kW is 
assumed to be rated/delivered as follows: (1) 4.67 kW for Orbiter at main C; 
(2) 4.67 kW for Orbiter at main A; (3) 4.67 kW for Orbiter at main B and 5.0 
kW for payloads at station 603 (both positive and i ^turn wires); (4) 10 kW for 
payloads at station 645 (both positive and return wires). The PEP to Orbiter 
interface is assumed to occur in connectors at station 693 (port side for 
main A) and station 636 (starboard side for mains B and C) . PEP and Orbiter 
cable losses down to the above assumed load interfaces are per the discussion 
and examples of section 2.6 above. 

Approach 

Cable and component losses and mismatches were evaluated and applied to the 
system/ component sizing analysis. 

Results 

The PEP EPS electrical configuration and sizing is summarized in Figure 
2.12-1. The system consists of a 2 wing solar array, 2 diode assembly boxes, a 
6 circuit cable system down the RMS to 6 pulse width modulated power regula- 
tors, a power distribution box, shunt limiters and PEP cabling; in addition, 
the PEP power traverses some Orbiter cables and equipment before it reaches 
the Orbiter and payload loads, l.ie load requirement is 29.0 kW net ; in addi- 
tion, an allowance of 0.20 kW has been made for operation of the PEP system. 
Hence, PEP must supply more than 26.2 kW gross at the load interface (26.8 kW 
at the PEP interface) , considering that the fuel cells deliver an average of 
3.0 kW during the daytime. 
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Figure 2.12-1. PEP Electrical Power System 


The system has been sized to deliver a net of 29.1 kW to the loads based on an 
integral number of panels ir. each solar array wing; the resulting power is 
26.9 kW at the PEP interface at stations 693 and 636 . The Orbiter cable 
efficiency (0.977) and the PEP cable efficiency (0.982) are based on the anal- 
ysis discussed in section 2.6. The power distribution box (PDB) power 
efficiency is 0.99; since part of thf .osses are not series resistance losses, 
the voltage efficienc> is 0.99^. Power distribution box losses total approxi- 
mately 279 watts which includes 172 watts for series elements such as fuses, 
contacts and wiring, and 107 watts operating power for components such as cur- 
rent sensors and relay drivers. 


The voltage regulator block of Figure 2.12-1 represents 6 regulators that are 
parallelled in pairs, one pair associated with each of the 3 fuel cells. The 
output power requirements for these regulators are presented in Table 2. 12-1 , 
based on the analysis discussed in section 2.6. 
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Table 2.12-1. Voltage Regulator Power Output Requirements 

Output 


Associated 

FCP 

Nominal 
power 1 , kW 

Design 
power 1 , kW 
(Nominal x 1.1) 

Design 
current 1 , A 
(at 33 V) 

Unit design 
current A 

FCP 1 

8.95 

9.85 

298.5 

149.3 

FCP 2 

9.14 

10.05 

304.5 

152.3 

FCP 3 

9.58 

10.54 

319.4 

159.7 

Total 

27.67 

30.44 

922.4 


Vwo regulators in parallel. 

O 




c. 

Each of two 

regulators . 





It should be noted that the regulator design precludes the voltage output from 
exceeding 33 volts in event of loss of remote sensing; when the remove censing 
leads are connected the voltage will increase by an amount equal to the system 
voltage drop between the sense point and the regulator terminals and may 
exceed 33 volts. 

The nominal power requirement for each of the 3 pairs of regulators is shown 
in the first column of the table; the design power (second column) is 10X 
higher to provide flexibility to accommodate: (1) a different split of loads 
among the 3 buses than the nominal s assumed in the analysis of section 2.6 and 
(2) permit the utilization of the extra capability available from the solar 
array much of the time when the array is colder than the design case (e.g., 
during continuous sunlight orbits). The current ratings of the table are based 
on a regulator output voltage of 33V. 

The regulator efficiency of 90X used in Figure 2.12-1 is conservative, based 
on MDAC breadboard test results and extrapolations thereof (see section 2.7). 
The peak power tracker efficiency allows for a mismatch between the regulator 
and solar array operating points; thi3 results in an array sizing penalty, but 
does not ~esult in regulator heat rejection. 


r' 
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Transmission losses for the number-6 gage conductors are calculated to be 1147 
watts for a conductor operating temperature of 95°C. Slip ring losses are 108 
watts assuming a contact drop of 0.2 volt. Connector losses total 44 watts 
using a 20 milliwatt contact drop at 95°C Diode box assembly losses are 215 
watts total for both boxes based on 0.8 volt diode drop. Total transmission 
losses are 1,514 watts. These losses result in the 95. 4X efficiency for the 
diode and RMS cable block of the figure. 

The solar array output power requirement is about 52,9 kW to deliver 29.0 kW 
net to the loads. The array is rated at beginning-of-life po sr; the resulting 
array end-of-life power is approximately 30 kW. The array voltage at the peak 
power point is approximately 122V as determined in the previous phase of the 
PEP study. 

2.13 SOLAR ARRAY WING ASSEMBLY REQUIREMENTS 
Objective 

The objectives of this effort were to define: (1) the major requirements for 
the solar array wing assembly (the PEP array consists of two wing assemblies) 
and (2) the performance/characteristics of the solar array wing assembly. 

Conclusions and Recommendations 

The nominal PEP solar array wing electrical power output requirement is 16. 4 
kW, B0L. The output voltage requirement is 122 v (max power at 60°C) and 239 V 
(open circuit at -70°c) . A 145m blanket on each of the two wings, which are 
3.89 x 37.8m, will provide the required power. 

Assutr '-.ions 

The requirements and designs discussed in this section are based on the 
following assumptions: (1) pov," ,r ~ M tput and sizes are based on the nominal 
conditions specified herein and is considered to be nominal beginning of life 
(BOL) performance, as contrasted to maximum or minimiri performance, (2) 29.0 
kW net (29.2 kW gross) power CBOL, constant continuous), (3) the Orbiter fuel 
cells typically operate at an average cf 1.0 kW each, which is obtained by 
allowing the 0rbite>- loads to operate at up to 33 v at the load interface, and 
(4) the solar array wing/solar ceil characteristics a^ ■ as indicated in Figure 
2 . 13-1. 


STORED 

ARRAY 

PRELOAD 

MECHANISM 



CONTAINMENT 
BOX COVER 


GUIDE WIRE 

GUIDE WIRE 
GROMMET 


PANEL HINGE 


ARRAY 
HARNESS 

»- — 

ARRAY 
STORAGE 
CONTAINER 

EXTENSION/ 
RETRACTION 
MAST 

MAST CANISTER 
TENSION BOTTOM NEGATOR 
3UIDE WIRE NEGATOR 
Figure 2.13-1. Solar Array Wing Characteristics (LMSC Example) 


ITEM 

OUTPUT POWER 
VOLTAGE. Vftip 
v OC 

BLANKET AREA 
BLANKET SIZE 
PANELS 

NOMINAL CELL SIZE 

CELL/COVER THICKNESS. MILS 

CELL EFFICIENCY 

INTERCONNECTS 

CELL COVERS 

ADHESIVE 

CYCLE LIFE !ON-ORBIT| 


CHARACTERISTIC 

16.4-fcV? BOL 
122 AT«Q°C 
239 AT -70°C 

146 m2 

3.84 X 37 J m 
SO 

2 X 4cm 

a/e 

12 . 8 % 

WELDED 

COATED MICROSHEET 

OC93-6QO 

160 CYCLES 


Approach 

The solar array assembly requirements were derived as the result of analysis 
of the PEP mission, the Orbiter interfaces and the PEP electrical power system 
(EPS). The reference 3y3tem example described herein is based on the LHSC SEP/ 
PEP work. 


Results 

The mission-related PEP solar array assembly requirements are presented in 
Tabl 2.13-1 and tne array performance and design requirements are presented 
in Table 2.13-2. The PEP dedicate oo ETR operates 78* of its time in a 28.5° 
orbit and 22* of the time in a 55° orbit. The PEP dedicated to WTR operates 
100* of the time in 90-10H 0 orbits. 

The array wing power requirement of 16. H kW is based on the assumptions noted 
above. The requirement for a large number of independent modules results from 
the need to retain flexibility to allocate varying percentages of the solar 
array to the Orbiter load buses and the payloads. The mast deployment and 
retraction power limits are based on RMS SPEE wiring limitations. 
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Table 2.13-1. PEP Solar Array Mission Requirements 
(Each of Two Wing Assemblies) 





Item 


Range 

Nominal 

* ’ 


Orbit 

altitude, km 

(n. mi) 

185-1,110 

407 (220) 






( 100 - 600 ) 


* 

2. 

Orbit 

inclination, 

deg/? time 



- 


a. 

ETR PEP 


NA 

28.5°/78?; 







55°/22? 

* 


b. 

WTR PEP 


NA 

1 04°/100? 


3. 

Solar 

vactor/orbit 

plane 

±127.5 

yj 



angle 

IB; > deg 





4. 

Array 

orientation 


All attitudes 

Normal tc 

* 






solar v ‘tor 


5. 

Array 

shadowing 


0-100?; orbit rat’ 

« one 

- 

6. 

Launch vehicle 


Shuttle Orbiter - 

Shuttle Orbiter 






payload bay within 

Payload Bay - 






RMS reach 

Station 715 

— — » 


A summary of a representative design (LMSC examp? ) that meets the above 
requirements is presented in Figure 2.13-1. The life is 160 complete on-orbit 
deployment and retraction cycles. 


2.14 SOLAR ARRAY CONTROL AVIONICS REQUIREMENTS/ CRITERIh DEFINITIONS 
Objectives 

The wLjeclive of this study is to define the functional and operational 
requirements for the PEP .Solar Array Pointing Subsystem (SAPS). The study 
should include applicable array dynamics considerations. Software and hardware 
specifications shall be defined. 

Conclusions and Recommendations 
Conclusions : 

e Either a proportional or an on-off PEP gimbal controller concept will 
satisfy the pointing -equirements for the PEP solar array. 

• Tne Alpha and Beta gimbal rotations do not result in effective damping 
of .'’l compliance spring flexible modes for all Beta gimbal positions 
Ei tive compliance spring modal damping is available for some modes at some 
PEP Beta gimbal positions. 
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Table 2.13-2. PEP Solar Array Performance and Design Requirements 
(Each of '"'o Wing Assemblies) 



Item 

Ran **e 

Nominal 

1. 

Output power*, kW 
a. BOL (design to) 

TBD 

16. U 


b. EOL (reference) 

TBD 

~15.2 

2. 

BOL output voltage*, V 
a. Vmp 

NA 

125>V>100 


b. Voc 

NA 

<250 

3. 

BOL output current*, A 
a, Isc 

TBD 

Isc >1.1 X Imp 

h. 

Electrical modularity/inte^face 
a. Electrical modules, independent 

>50 

>50 


circuits 

b. Instrumentation circuits 

>5 

>5 

5. 

Operational usag 

a. ime Period 

b. Mission frequency, mi,, sion/year 

TBD 

Late 1982-Lat® 19 0 9 
8 


c. Mission duration, days 

7-48 

lb 

6 . 

Deploy /retract cycles per mission 
a . On -orbit 

TBD 

2 


b . On-ground 

0 - 

TBD 

7. 

Deployment and retraction 
a. Time, min 

TBD 

6 


b . Power 

(l) Current (retraction/ioc; up). 

TBD 

k 0 


(?) Voltage 

18-33 

Id 

8, 

Magnetic forces 

TBD 

Minimize 

9. 

Storage 
a. On-orbit 

TBD 

3.07 yr 


b. Or! -ter payload bay 
U ) 7 aim oh /reentry 

TBD 

50 hr 


(2) VaB 

TBD 

9^0 hr 


"’) Hangar S and OfP> 

TBD 

~7 yr 

* 

. cage - Hangar * 

!?ty 

^rbiter/crew safety 

0.9999-1.0 

0.9999 


b. R^tu^n from orbit 

TBD 

TBD 


c. Mission completion 

TbD 

TBl 


2 

*At array base to diode assembly, at 1,353 ’^/m illumination and nominal 
conditions herein. 
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• Tna on-off PEP gimbal controller co-icers meets e.Il requirements when 
the augmented system damping requirement is dropped. 

• T.ie PEP gimbal control system will function autonomously in all flight 
modes except for occasional keyboard or groind link inputs and updates. 

• The on-off PEP gi r "-h>-t controller concept can easily be mechanized in 
most available microprocessors. 

Recommendati ons : 

• The on-off PEP gimbal controller concept should be considered the 
taseline con ^pt. 

• Tne laseline PEP gimbal controller should not be used to damp the PEP 
structure dynamic motion. 

• Further analysis with the proportional controller with induced damping 
is worthwhile. A dynamic model including both linear and rotational motions 
induced by the gimbals and a compliance spring model giving two spring degrees 
of freedom to each half of the array should be used. 

Assu mptions 

It was assumed that the major components of the Solar Array Pointing System 
(SAPS) are the Alpha and Beta gimbals, the gimbal drives, the sensor(s) for 
closed loop feedback and the control law. The Alpha gimbal axis will normally 
be oriented perpendicular to the orbit plane and gimbal at orbit rate for 
Orbiter local vertical orientations. The Alpha gimbal will have continuous 
bidirectional rotation capability (i.e., no stops). The Alpha gimbal axis is 
oriented via the Beta gimbal from roughly parallel to the solar array plane, 
to perpendicular to the solar array plane. (Figure 2.14-1). The Beta gimbal 
provides orbit Beta angle compensation when the Alpha axis is perpendicular to 
f he orbit plane. 

The basic solar array pointing accuracy requirements are quite loose from a 
maintenance of electric:: 1 power viewpoint. Assuming power is proportional to 
cosine of the angle between the array normal and the sun line and an allowable 
power drop of 1 percent, results in an acceptable pointing error of 8 degrees. 
Another consideration is "feathering” the array for low altitude, high aerody- 
namic force missions. An 8-degree misalignment would project 14 percent of the 
array face to the wind which may be undesirable. Thus, a v2 degree accuracy 
requirement was assumed. Though sun track w 1 not require +2 degree accuracy, 
that capability should be reasonable. 





Figure 2.14-1. PEP Gircbtl end Compliance Geometry 


It was assumed that arra> separation frori the Orbiter was not a SAPS require- 
ment oecause the RMS will be positioned and the end effector oriented so that 
any motion of the Alpha or Beta gimbals will not result in a collision from a 
rigid array viewpoint. A dynamic envelopa must be considered, however, and 
Orbiter/SArS/PEP dynamics interactions must be evaluated. 

It vas assumed that the SAPS should not aggravate, and reduce if possible, the 
PEP flexible body dynamic motions which are important because of the struc- 
tural loads which could be developed. The pointing control system/ flexible 
dynamics interactions must not result in an unstable SAPS. The SAPS should not 
generate forces and moments which could slip the RMS joint brakes. 

The basic operational requirements assumed for the SAPS are: 

1. tracks the sun within 2 degrees, 

2. slew to defined Alpha and Beta gimbal positions (usually used for 
initialization) , 

3. slew at defined angular rates for an indefinite time. 
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<4* gimbal position and slew rate commands will be defined via the ! 

* 

keyboard, ground links or a preprogrammed table used as part of an autonomous ' 

procedure, J 

b. any slewing can be stopped at any time by keyboard or ground link j 

command , and 

6. operate with sun sensor feedback in eiiner gimbal axis and gimbal 
encoder feedback in the other axis. 

The last requirement facilitates feathering the array with one gimbal while 
tracking the sun as close as possible with the other which is desirable for a 
low altitude orbit. A wide angle 3un sensor (at least about one array axis) is 
required to make this concept useful. 

Approach/Discussion 

Two Solar Array Pointing System (SAPS) concepts were considered. The two were 
proportional control (with nonlinear friction) and on-off control. The first 
was analyzed as a continuous system using sun sensor or gimbal encoder 
feedback and tachometer feedback. It was assumed the gimbal was back driveable 
and its ability to damp compliance spring motion was evaluated for a simple 
case. Since the Alpha and Beta gimbals cannot damp all the compliance spring 
modes, the on-off controller concept was defined. The on-off controller can 
provide some damping if gimbal backdrive occurs. The on-off controller meets 
u.ie other SAPS requirements when system damping augmentation is not required. 

The on-off controller has been defined as the Baseline SAPS. 

Proportional Controller - The "compliance spring" concept discussed in Para- 
graph 2.8 requires damping to minimize the solar array response to Orbiter 
limit cycle disturbances, Orbiter orientation maneuvers, and PEP gimbal rota- 
tions. This prompted an analysis to determine the effectiveness of using a 
gimbal servo concept to induce system damping. 

In the reference configuration the two solar arrays on either side of ^he ADA 
are each independently sprung about two axes (Figure 2. 14-1). These four 
degrees of freedom result in both symmetric and asymmetric compliance spring 
modes. The asymmetric modes can be damped by rotational motion of the ADA 
while the symmetric modes require linear motion of the ADA for damping (Figure 
2.14-2). In the reference configuration, Alpha and Beta gimbal rotations do 
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SYMMETRIC MODES 




ASYMMETRIC MODES 



NOTE: ARROWS SHOW ARRAY DEPLOYMENT ASSEMBLY (ADA) MOTION 
NEEDED TO DAMP THE MODES 

Figure 2.14-2. PEP Compliance Spring Mod#. 

not generally provide linear and rotational ADA motions along and about the 
required axes, which means that servo damping is not sufficient to damp the 
four compliance degrees of freedom for general disturbances. 

The- primary solar array disturbances are Orbiter Unit cycle .notions including 
any thrust impingement effects, Orbiter maneuvering and Alpha and Beta gimbal 
motions. Maneuvers are not expected to be cyclic ar.o by limiting maneuver mag- 
nitudes, the compliance reduces structural loads to an acceptable level. 
Orbiter limit cycling has the potential to continuously (on the average) input 
energy into the compliance modes (because of it3 cyclic characteristics) which 
may ultimately result in large deflections and unacceptable mast or RMS loads. 
Evaluation of Orbiter limit cycle effects was accomplished by reviewing the 
Orbiter limit cycle characteristics defined by 25 simulation cases. The 
Orbiter simulation was the JSC/LEC Space Shuttle Functional Simulation (SSFS) 
high fidelity rigid body simulation. These limit cycle characteristics were 
simplified and input to a simple one-axis simulation to assess the 
effectiveness of gimbal induced damping and the resulting solar array limit 
cycle amplitudes and loads. Further analysis is required with more detailed 
simulations. 
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The modex (Figure 2.14-3) used for gimbal induced damping analysis was a 
single axis model of a torque motor driving through a transmission (gimbal) to 
an angular compliance spring connected to a moment of inertia representing a 
rigid solar array. The feedback sensors were on inertial position sensor (sun 
sensor), a relative position sensor ' -jimbal encoder), and a relative rate sen- 
sor (tachometer). The sensors were mounted on the gimbal side of the compli- 
ance spring so actual array position could be c cr<sed only indirectly via the 
servo backdrive effects. Linear analysis and simulation analysis including 
nonlinear friction effects wore used to evaluate servo induced damping. The 
Orbiter limit cycle motion was input as a disturbance. 



Figure 2.14-3. PEP Proportional Control Simulation Block Diagram 

The JSC/LEC SSFS Orbiter flight control simulation, used for reference Orbiter 
limit cycle disturbances, includes a full on-orbit functional x'light control 
system software simulation and includes aerodynamic and gravity gradient dis- 
turbances. The 25 simulations included both primary and vernier thruster limit 
cycles with several attitude dead bands and various local vertical, inertial 
hold and passive thermal control (barbeque roll) orientations. 

On-Off Controller - This is the Baseline SAPS and assumes adequate structural 
damping will be supplied mechanically. Allowing the gimbal to backdrive will 
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add further damping. The extent cf the added damping was not evaluated in this 
analysis . 

The on-off and proportional controller concepts are similar except for the 
control law. Figure 2. 14-4 is a functional block diagram of the on-off con- 
troller. Also shown are the primary controller operational requirements and 
capabilities. No tachometer is included in the baseline. The parts included in 
the dashed lines are mechanized in the PEP digital processor. If nighly accu- 
rate glmbal slew rates are not required , no angular rate feedback will be 
required. Figire 2.14-5 is a flow chart defining a derived rate concept for a 
low resolution sun sensor or gimbal encoder which could be mechanized in the 
processor if needed. 

The drive logic is a two rate drive. The achieved rate generated by the output 

v b , could be much higher man the required rate (e.g. orbit rate) and the 
servo will be "turned on" intermittently to realign the array with the 

reference. The hysteresis provides o\ ->r shoot so that the average array posi- 
tion will be near nominal. An alternate procedure is to set the achieved rate 
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Figure 2.14-4. Baseline PEP Solar Array Pointing System 








Figure 2.14-5. Derived Rete Concept for e Low-Resolution Signal 

near the commanded rate, and the array smoothly tracks the reference with 
occasional high or zero achieved rate periods occuring to adjust the average 
achieved rate to the required rate. The constant rate is desirable since 
structural resonance excitation is minimized. The controller is effectively an 
open loop controller for long periods of time which can eliminate stability 
problems associated with structural resonances. 

Most of the control law parameters can be updated via the keyboard or ground 
links so that on-orbit experience can be used. Since there is no direct gimbal 
rate feedback, the open- loop servo characteristics (including friction) will 
have a significant effect on the closed loop characteristics and on-orbit 
updates will be valuable. 

The "Transformation to Gimbal Coordinates" block (Figure 2.14-0 on the sun 
sensor output may not be required even though the Alpha gimbal axis ooesn't 
generally line up with a sun sensor axis. The closed-loop nature of the Alpha 
and Beta servos will drive the Alpha and Beta sensor within the ciead zones 
even for large initial errors. Solving directly for the gimbal angles required 
to zero the sun sensor error involves solving trigonometric functions for 
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large Beta angles in the processor. No requiremer* has he**-? identified for 
this direct computation, but it has been included for generality. 

The inputs shown on the block diagram (Figure 2.14-4) <P <p an( j 4 define 

3 * c sb las 

the slew rate, position and sun sensor bias commands respectively. The sun 
sensor bias was included so that the array could operate at less then max 
power by biasing it away from the sun. The bias angle must be small enough to 
keep the sun within the suti sensor FOV so the sun sensor FOV would have to be 
relatively large for a significant power reduction. 

The day/ night switch will be activated by the sun presence signal. Smooth 
transition between sun sensor and encoder control will be facilitated by 
insertion of a slew rate (# ) command of the appropriate magnitude (normally 

3 

orbit rate for local vertical orientations) at the loss-of-sun event. Also, 

the integration (digital) will be initialized to the sun sensor error 
s 

(i.e.» A<J> =: A 4> ). At dawn the command rate will be removed and a $ used. The 

£3 3 

dark side rate command can be preprogrammed and updateable or calculated based 
on the rates required by the sun sensor feedback during orbit daylight. 

Initialization upon deployment will be accomplished by keyboard input of the 
appropriate Alpha and Beta gimbal angles (4 in Figure 2.14-4). An automatic 
sun finding mode can be accomplished with a preprogrammed sequence of Alpha 
and Beta slew rate and position commands. A solar array power indicacion may 
be useful if the approximate location of the sun is not known (unlikely). The 
sun presence signal defines when the sun has been acquired. 

Hardware Specification - The functional SAPS hardware blocks are shown in 
Figure 2.14-6. The Alpha and Beta SAPS are assumed identical except for gimbal 
travel and some software. The computational requirements for SAPS are well 
within the speed and complexity ranges of most available microprocessors. An 
r -bit digital-to-analog converter (DAC) will have a servo rate command resolu- 
tion of 0.004 deg/sec (6 percent of typical orbit r=ite; with a +0.5 deg/sec 
gimbal rate range. This command resolution is adequate since the closed-loop 
characteristics of the servo will result in an average achieved gimbal rate as 
accuratr *,3 required to meet the sun sensor or encoder position commands. The 
accuracy of the closed-loop achieved rate will be proportional to the 
p-ocessor clock accuracy also, and is a consideration. 
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Figure 2.14-6. PEP Solar Array Pointing Systam Hardware Functional Blocks 

The gimbal/servo stall torque requirement was defined to preclude over 
stressing the solar array mast. The mast design ultimate load capability is 
200 ft-lb per mast and a maximum Alpha gimbal torque of 100 to 150 ft-lb is 

recommended with the Beta gimbal being defined the same for symmetry. The gim- 

bal travel is defined as continuous bidirectional for the Alpha axis and 0 to 
90 degrees for the Beta axis. The maximun gimbal rate capability is ±0.5 deg/ 
sec. The Alpha gimbal travels 180 degrees in 6 minutes and the Beta gimbal 
travels stop-fco-stop in 3 minutes. 

Further analysis is required to define the limits of acceptable open-loop 
servo response. Based on the simulation model, an open-loop servo bandwidth of 

greater than 0.25-0.5 hz is acceptable for the proportional controller. A 

response time (time constant) of 1 to 10 sec is acceptable for the on-off con- 
troller. Quicker response is not required because the servo is controlling the 
array through the compliance spring with a resonant requency of 0.02 hz. 

The gimbal friction characteristics are of particular interest for a propor- 
tional controller design. The position feedback gain used in the simulation of 
the proportional system was sized by the stiction value. The position loop 
gain was made large enough to limit the position hang-off due to 22 ft-lb of 
stiction to +1 degrees. This resulted in a higher closed-loop servo bandwidth 
than would be necessary based on a linear analysis. 
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Gimbal backdrive is essential to the proportional controller if induced system 
damping about some axes is a goal. Energy is removed from the solar array by 
backdriving the gimbal against the friction and back 0!F of the servo motor. 
The on-off controller does not require backdrive but will provide some system 
damping if backdrive is present. No backdrive results effectively in a brake. 

The sun sensor and gimbal encoder resolution were sized based on the *2 
degrees solar array pointing accuracy requirements. A 1 degree resolution 
encoder is adequate and reasonable and 0.5 degree sun sensor is reasonable. 

A sun sensor fisla of view (FOV) of 20 degrees is adequate for most sun acqui- 
sitions but a wide FOV is desirable if an autonomous acquisition from an arbi- 
trary initial condition or tracking biased away from the sun is desired. PEP 
software needs will include ground computers and Orbiter computers as well as 
the PEP processor. Ground and Orbiter software are expected to be minimal. 

Software Spe ci fications - The SAPS software will be executed in the processor 
on the PEP. Modes of control will be defined via preprogrammed sequences and 
real time updating. Figure 2.14-7 shows a flowchart for the basic SAPS module. 
The nomenclature is derived from Figure 2.14-4. Table 2.14-1 defines the data 
and parameters the SAPS module requires for execution. Th’s information will 
be defined by other software modules such as mode control and data acquisi- 
tion. An execution rate of once per second i3 adequate, and the sensor data 
must be sampled at the same rate. 

The logic allows the Alpha and Beta gimbals tc each work in independent modes 

(i.e., sun track, slew to a position, etc.). In the sun track mode, a smooth 

transition from day to night is facilitated initializing the appropriate 

slew rate (<f> ) a nd initializing d> such that A $ is continuous. The various 
c c # 

non-sun-track modes are facilitated by setting <fi and $ to the appropriate 
time histories. 

On Figure 2.14-7, two software modules are shown to process the sun sensor 
data. The output of the solid lined option are gimbal angle errors. This cal- 
culation could he s* simple as transmitting the sun sensor errors directly as 
gimbal errors. This simplification is acceptable since the sign of the- sun 
sensor errors and gimbal angles are the same for Beta angles under 90 degrees. 



Table 2 . 14 - 1 . PEP SAPS Interrupt Routine Inputs Required 


• Mode in each axis la, 8 ) 

- Sun track 

- Other 


Position commands ( <t> $ ± ) 

Ca’ CB* SB IAS ’ SBIAS y 
Slew rate commands (| $ ) x 

Sa’ SB 

Switch logic parameters for each axis ($ t f 4 , v , V ) 

a b c a b 

Gimbal limit logic parameters (g , 6 0 , A ♦ ) 

0 90 ’ min' 0 

Sensor inputs (« # , ®, S, sun presence) 

SSX SSY 



Figure 2.14-7. PEP Solar Array Pointing System Software Module Flow Chart 


The magnitudes are actually related trigonometrically rather than linearly but 
the same sign means the closed-loop servo will converge toward zero error. 
Using the full trigonometric equations will result in defining the exact 
change in gimbal angle required or the exact gimbal position (dashed lines) 
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required to zero the sun sensor attitude error signal. No requirement has been 
identified for the full trigonometric versions even for large angle cases if 
the Beta gimbal angle is limited to 0 to 90 degrees. 


The switch logic module is detailed in Figure 2.14-8. This module mechanizes 
the switch lines shown in Figure 2.14-4. The capability to make the Alpha and 
Beta gimbal switch lines different is provided. The gimbal limit logic *3 
detailed on Figure 2.14-9 and provides software gimbal stops for the Beta gim- 
bal by setting V_ to zero when the switch logic is commanding into the 
DAC p 

stop, a anc j g represent the typical 0 and 90 degree stop values respec- 
tively, but can be updated during r light for special operations. 


The Alpha gimbal limit logic is required for Beta angles near 90 degrees when 

the plane of the solar array is nearly perpendicular to the Alpha rotation 

axis. When these Beta gimbal angles occur, small changes in sun sensor error 

theoretical../ require 90 to 180 degrees of Alpha gimbal angle change. The 

Alpha gimbal limit logic inhibits the Alpha gimbal command for Beta gimbal 

angles greater than g unless tne Alpha axis attitude error (A<f> ) is greater 

min a 

than A <p 

o‘ 



Figure Z 14-8. PEP SAPS Servo Switch Logic Software Module 
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The software described above is executed once per second. The SAPS module 
shown should be programmable in less than 500 machine commands and the 
resulting execution time is essentially negligible compared to the 1 second 
execution interval for most available processors. Inclusion of the full trigo- 
nometric sun s»nsor error processing equations would increase computation time 
significant pe>centage, but the execution time would still be insignificant. 

Word length requirements may exceed 8-bits for the gimbal encoder and attitude 
error calculation, slew rate command and the sun sensor data processing. For 
example, assuming a slew command range of +0.5 deg/ 3 ec, the 8-bit rate resolu- 
tion is 14 deg/hr which may be excessive for some operations where the sun 
sensor is not used for extended periods of time. Double-pi ecision in 8-bit 
processors is no problem and gives more than adequate precision. 

Results 

The following is a summery of the simulation effort to evaluate the potential 
for damping the PFf compliance spring modes with the proportional controls 
with backdri The simple 1~oxis model (Figure 2.14-3) simulated only an 
asymmetric compliance mode. The system parameters used in the simulation are 
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defined in Table 2.14-2. Figure 2.14-10 shows the closed-loop root locations 
for a fourth order model and the reduced order (third order) model used for 
the simulation results shown herein. The high frequency real root obviously 
was not significant for the frequencies of interest and resulted in large com- 
puter run times so it was eliminated (Figure 2.14-3). 

Table 2.14-2. PEP SAPS Simulation Parameter Values 


Parameter 


Value 

Units 

Total array inertia 


133,000 

slug- ft 2 

Compliance spring rate 


2,100 

ft-lb/rad 

Compliance spring damping 

ratio 

0.001 

N.D. 

Gimbal 

Inertia 


0 

slug- ft 2 

Coulomb friction 


7.26 

ft-lb 

Stiction 


10.89 

ft-lb 

Gear ratio 


250 

N.D. 

Torque motor (Inland Model 

T-3910; 

data referred to gimbal) 


Rotor inertia 


21 

slug- ft 2 

Back EMF constant 


2,060 

ft-lb/rad/sec 

Coulomb friction 


10.5 

ft/lb 

Stiction 


10.5 

ft/ lb 

Gains (referred to gimbal) 

Sun sensor and gimbal 

encoder 

1,^< 

ft-lb/rad 

Tachometer 


15,600 

ft-lb/rad/sec 


Many simulation runs were made simulating Orbiter rate maneuvers, commands and 
limit cycles. Both sun 3ensor and gimbal encoder feedback were used. The runs 
showed that the PEP solar array mast loads are acceptable for Orbiter angular 
rate steps of greater than a 0.25 deg/ sec. Figures 2.14-11 and -12 show the 
torque at each mast root for a 0.25 deg/ sec Orbiter step rate for gimbal 
encoder and sur. sensor feedback cases, respectively. In the encoder feedback 
case, the pointing system damps the motion well until the gimbal locks due to 
stiction at about 10 ft-lb torque per mast. With the gimbal locked, the only 
damping is in the compliance spring itself which is essentially zero in the 
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Figure 2.14-12. MDAC PEP Pointing Control System Simulation - Rate Manauvar with Sun Sansor F tad back 

simulation. The sun sensor feedback case shows a different characteristic 
because the solar array is controlled to remain inertially constant by com- 
manding a 0.25 deg/sec average gimbal rate and the gimbal never locks. The 33 i 
system damping indicated in Figure 2. lit— 10 applies and the response is well 
damped . 

A preliminary evaluation of the response to Orbiter limit cycle motion was 
evaluated by inputting approximations of Orbiter limit cycle attitudes and 
rates. Limit cycles with frequency content near multiples of the compliance 
frequency (0.02 Hz in the simulation) are of concern. Twenty-five high 
fidelity Obiter on-orbit flight control system simulations (JSC/LEC SSFS) 
were reviewed. A VRCS case was chosen as a potentially severe case and the 
Orbiter motion approximated and input to the simulation. Figures 2.1*1-13 and 
-14 show the high fidelity simulation output and the approximation, respec- 
tively. Figure 2.14-15 shows tr.e mast root torque on each wing for the input 
shown on Figure 2.14-14. The stiction was reduced to 6 ft-lb in order to break 
the gimbal loose early in the run. Note that the torque on each wing is 
effectively limited to one-half the stiction torque indicating that induced 
system damping is feasible. 
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Figura 2.14-15. MOAC PEP Solar Array Pointing System Sinulatiar — Matt Moment for VRCS Limit Cycle 

A simple approximation of a PRCS limit cycle proved elusive. Therefore, a rea- 
sonable worst case was "manufactured" based on PRCS limit cycle rates and 
attitudes observed in the high fidelity JSC/LEC SSFS simulation/). An attitude 
dead zone of +3 degrees with a rate of +0.034 deg/ sec was chosen (Figures 
2.14-16 and -17). This represents the largest Orbiter limit cycle motion 
expected. The two-sided limit cycle period was about 350 seconds which is an 
odd multiple the 50 second compliance spring period, so energy is input to 
the array very efficiently. 

This is obvious on Figure 2. 14-18 which is the mast “oot torque on each wing 
for ,i case where the gimbal has been locked and no damping is available. The 
mast root torque reaches 200 ft- lb after about 1 orbit. 

Figure 2.14-19 a iow. the effect of compliance spring damping. The conditions 
are the sar»e as that in Figure 2.14-18 but a compliance spring damping of U 
of critical has been included. The mast root torque is limited to an accepta- 
ble n- ft-lb. 

gire: 2.14-20 and -21 shew similar cases where the gimbal friction has been 
reduced to the nominal values (Table 2.14-2) and the compliance spring camping 
r«» v io has hie-' set to 0.001. Figure 2.14-20 is a gimbal encoder feedback case 
and Figjre 2.14-2'. is a sun sensor feedback case. Note that the root torque 
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• PRCS LIMIT-CYCLE PERIOD OF 350 SECONDS 

• GIMBAL LOCKED 

• COMPLIANCE SPRING DAMPING RATIO OF 0.001 



IS 3o 

TIME (SEC) 

Figure 2.14-18. MDAC SAPS Simulation - 0.1-P-rcent Compliance Damping 

• PRCS LIMIT-CYCLE PERIOD OF 350 SECONDS 

• GIMBAL LOCKED 

• COMPLIANCE SPRING DAMPING RATIO OF 0.01 
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Figure 2.14*19. MDAC SAPS Simulation — 1-Percent Compliance Damping 


V 


MCOOWAfU. DOUG LA 




112 




Time (SEC) 

Figure Z 14 - 2 1 . MDAC SAPS Simulation — PRCS Limit C/de With Sun Senior 
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amplitude is limited in the encoder feedback case (Figure 2.14-20) to near 
one-half (per wing) the total gimbal stiction value of 22 ft-lb, indicating 
that the friction and back EMF torques effectively absorb the energy input by 
the limit cycle motion. The sun sensor feedback case (Figure 2.14-21) exhibits 
much the same characteristics as the sun sensor case mentioned previously in 
that the gimbal rate is non-zero most of the time and the linear system damp- 
ing ratio of 0.33 applies. Note the very small mast root torque which results. 


The effects of gimbal encoder resolution were cursorily evaluated with the 
SAPS simulation. Figure 2.14-22 shows angular rate histories for the gimbal 
and the array for a case corresponding typically to dark side operation. The 
array is commanded at orbit rate relative to the Orbiter. 


The gimbal encoder resolution was set at 0.5 degrees (half the present 
baseline) and the resolution effects are visible in the limit-cycling gimbal 
rate shown in Figure 2.14-22. The gimbal rate never reaches zero and the gim- 
bal never 3ticks. Thus, the 33 percent linear damping applies as can be seen 
in the well damped array rate response. Decreasing the gimbal encoc^r resolu- 
tions to the baseline one degree, would approximately double the gimbal rate 
limit cycle amplitude. The gimbal would not stick, and good array damping 
would be available for orbit rate command rates. 



• ORBIT RATE COMMAND RATE (0.066 DEG /SEC) 

• NOMINAL PARAMETERS 

• ENCODER FEEDBACK 

*:i| • ENCODER RESOLUTION OF 0.5 DEGREES 

n ti r 
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Figure 2.14 22, MO AC SAPS Simulation - Encoder Resolution Effects 
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I 2.15 CONTROL SYSTEM MANAGEMENT— GENERAL PURPOSE COMPUTER (GPC) AND ARRAY 

PROCESSOR CONROL INTERFACE 
J Objective 

To define software functions for PEP activation, checkout, and operation 
y performed by the Systems Management GPC and the Array Pointing and Control 

** Electronics Assembly (CEA). 

| Conclusions and Recommendations 

The software functions to be performed in the Systems Management GPC will be 
] minimal. Its use can generally be confined to status monitoring and checkout 

(comparison of actual to desired parameter values), the transfer of commands 
j and data between the MCDS and PEP equipment and configuration of power regula- 

i tion and control equipment. 


Approach 

The various operations required by PEP were analyzed to determine what 
software functions were required and decisions were made in regard to their 
location. Brief descriptions of the functions were then prepared and input 
requirements were defined. 

Results 

The results of the analysis are contained in the following paragraphs. 

PEP Software Functions — The PEP function is operative during SM OPS 2, as spe- 
cialist Function No. TBD and interfaces with the following: 

• Multiplexer /Demultiplexer Assembly (MDA) 

• Control Electronics Assembly (CEA) 

• Table Maintenance Specialist Function (TM SPEC) 

• PEP Control Display (PEP CNTL) 

• Systems Software (SYS SW) 

PEP software is organized into four principal functions within the SM com- 
puter. The following paragraphs briefly describe the principal functions. 
Figure 2. 15-1 contains a block diagram of the functions performed within the 
SM GPC and their external and internal interfaces. 


In addition to the four principal functions, there are three processing func- 
tions which are germane to the PEP detailed requirements: 
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Figure 2.15-1. PEP Software (Systems Management GPC) 

A. PEP Data Acquisition (PDA) — The PDA monitors the status of the 
Multiplexer /Demultiplexer Assembly (MDA) and CEA-to-GPC communication to 
determine if the MDA response data block is valid. 

B. PEP Output Processing (POP) — The POP outputs the results of the prin- 
cipal functions to the MDA and CEA via the command data block. 

C. PEP Specialist Processing (PSPEC) — The PS PEC organizes the sequence of 
processing RDA, EXEC, and POP. 

PEP SM Principal Functions 

A. Executive Function (EXEC) — The EXEC function performs function 
initialization and calls the required principal functions in the proper 
sequence to execute the selected software mode. 

B. Power Switch Setting (PSS) — The PSS function prevents more than one 
regulator per bus having control authority, removes shunt regulators operating 
improperly from the buses, and provides the power cable disconnect function in 
the event of an emergency. 
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C. Status Monitor (SM) — The SM monitors critical measurements obtained 
from PEP units in order to determine if anomalies exist in equipment opera- 
tion. Information is provided to System Software for CRT display of equipment 
status. 

D. Sense Voltage Setting (SVS) — The SVS compares the regulator voltage 
settings to commanded values and commands changes to setting levels until 
agreement is reached . 

PEP Processor Genera l Requirements 

A. Initialize and self check the Electronics Assembly, Control (CEA) and 
all interfaces with ADA components when power is turned on. 

3. Accept control commands and provide digital data and internal status 
to the Orbiter's Systems Management GPC. 

C. Provide sequencing for cannister rotation and mast extension retrac- 
tion. 

D. Provide rotation drive levels for alpha and beta gimbals. 

Functional Requirements 

A. The CEA software should execute in a microprocessor. A minimun of two 
channels should be available for data transfers between the CEA and GPC; one 
channel for data transfer from/ to a redundant micro- processor. 

B. The CEA software program should perform ADA sequencing and array gim- 
bal control upon receipt of commands input to the keyboard of the MCDS. It 
would examine a location in memory to determine its mode of operation. 

C. Gimbal Control Modes are classified as manual or automatic and should 
consist of the following; 

1. Manual Mode, Slew to Position - causes the CEA to slew to given 
alpha and/or beta angles. 

2. Manual Mode, Track at Constant Rate - causes the CEA to slew 
alpha and/or beta gimbals at commanded angular rates. 

3. Automatic Mode, Track Sun - causes the CEA to maintain PEP array 
faces perpendicular to the sunline based upon data provided by a two axis sun 
sensor . 

H, Automatic Mode, Trail Position - causes the CEA to track the sun 
in one axis wnile maintaining the other axis in a given angular position in 
respect to the velocity vector. 
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D. A stop mode should be provided which terminates the current ADA activ- 
ity and causes the ADA to revert to a sa'e condition. 

E. A test mode (disabled during flight) would allow the loading and exe- 
cution of special test software. 

F. The software should monitor external events via digital or discrete 
inputs and or analog signal. These should include latch position, shaft 
encoder and sun sensor inputs. Provision should also be made for monitoring 
solar array and other ADA component status and formatting and buffering this 
data for transfer to the GPC. 

Control Inputs — Control of PEP requires three general types of inputs: (1) 
those requirod to define the configuration of the Power Regulation and Control 
Assembly (PRCA); (2) those which insure the proper functioning of the equip- 
ment; and (3), those effecting the Array Deployment Assembly (ADA) in manual 
and automatic modes. Table 2. 15—1 lists the inputs for PRCA control while 
Table 2. 15-2 lists those for the ADA. 

Control Display — Figure 2.15-2 illustrates the PEP Control Display Format. 
Numbers on the figure are described below. 

1. After engagement of the SPEE connector the power switch is acti- 
vated. The status of the power switch (On/Off) is shown. 

2. A command is entered via the keyboard to engage the power con- 
nector. The status of the command (Engage/ Release) is displayed. 

3. A command is entered to rotate the canisters and extend the masts 
after the Array Deployment Assembly has been placed in the desired position by 
the RMS. The command is automatically sequenced by th» Array Pointing Control 
Electronics Assembly (CEA). The reverse operation is performed for retraction 
of the arrays and canister stowage. Item 3 illustrates the command status of 
canister rotation (CS, CCW) and mast extension and retraction (ETD, RTC) . 

4. The selected CEA mode is indicated by two discrete bits (0, 1). 
The bits indicate whether the manual mode (slow to position, constant rate) or 
automatic mode (sun track, trail) are to be performed. 

5. The position of the Alpha (0°-360 C ) and Beta (0°-90°) gimbals is 
displayed by Item 5. 

6. Gimbal rate commands (0.5°/sec maximum) input via the keyboard 
are displayed by Item 6. 
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Table 2.15-1. Power Control Inputs (SM Computers) 


MDA power on/ off 


Voltage regulator no, 1 

- enable/inhibit 

Voltage regulator no. 2 

- enable/ Inhibit 

Voltage regulator no. 3 

- enable/ inhibit 

Voltage regulator no. if 

- enable/ inhibit 

Voltage regulator no. 5 

- enable/ inhibit 

Voltage regulator no. 6 

- enable/ inhibit 

Voltage regulator no. 1 

- control authority on/off 

Voltage regulator no. 2 

- control authority on/off 

Voltage regulator no. 3 

- control authority on/off 

Voltage regulator no. if 

- control authroity on/off 

Voltage regulator no. 5 

- control authority on/off 

Voltage regulator no. 6 

- control authority on/cff 

Voltage regulator no. 1 

- voltage adjust level 

Voltage regulator no. 2 

- voltage adjust level 

Voltage regulator no. 3 

- voltage adjust level 

Voltage regulator no. b 

- voltage adjust level 

Voltage regulator no. 5 

- voltage adjust level 

Voltage regulator r, . 5 

- voltage adjust level 


Power distribution box 
Voltage regulator 1 

Voltage regulator 1 

Voltage regulator 1 

Voltage regulator 1 

Voltage regulator 1 

Voltage regulator 6 

Voltage regulator 1 
Voltage regulator 1 
Voltage regulator 1 

Voltage regulator 1 
Voltage regulator 1 
Voltage regulator 6 

Voltage regulator 1 
Voltage regulator 2 
Voltage regulator 3 
Voltage regulator if 
Voltage regulator 5 
Voltage regulator 6 


1 


1 


M 0n’’ command 
restricted to 
one regulator 
on each bus 
(exclusive Oft) 
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Table 2.15-1. Poorer Control Inputs (SM Computers) (Continued) 



MDA power on/off Power distribution box 

Voltage regulator no. 1 Power distribution box 

- switch - opon/close 

Voltage regulator no. 2 Power distribution box 

- switch - open/close 

Voltage regulator no. 3 Power distribution box ^ * 

- switch - open/close ’ is negative (reverse 

Voltage regulator no. 1J Power distrubution box current) 

- switch - open/close 

Voltage regulator no. 5 Power distribution box 

- switch - open/close 

Voltage regu tor no. 6 Power distribution box I 

- switch - open/close J 


In-flight disconnect 
-no. 1 arm 

In-flight disconnect 
-no. 1 fire 

In-flight disconnect 
- no. 2 arm 


Power distribution box 3 
Power disconnect box 

2 follows 
. 1 in 10 

Power distribution box sec. if no 

disconnect 


In-flight disconnect Power distribution box 

- no. 2 fire 



7. Regulator sense voltage matching regulator output levels to the 
bus are controlled to within 0.02 volts. Setting levels are displayed in Item 
7 adjacent to their reference nanber designation. 

8. The position of the power distribution contactors are set via the 
keyboard. Their commanded positions to open or close are indicated by a dis- 
crete bit (0, 1) adjacent to their nunLer designation. 

It should be noted that parameters associated with the ADA latches are dis- 
played on the RMS display format type SPEC/09 1 ! as follows: 

A. A numeric value (1-5) wilx be displayed adjacent to PL SELECT to indi- 
cate the payload selected to activate the circuitry associated with the reten- 
tion latches. This reflects the position of the PL SELECT switch on Panel A6. 

B. PL LAT RDY are discrete outputs providing an indication that A, B and 
C micro switches selected by the PL SELECT switch are in the proper position 
for latching. Text outputs are 1 or 0. 
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i 

Table 

2.15-2. PEP ADA Control 

Inputs (SM Computer) 

l 

Input 

Destination 

Notes 

i: 

Power connector 
eng age/ release 

Power connector 
actuator 

Requires MDA "ON" 

‘ | 

Restraint release 

Elec, assembly 
control/solenoids 


u 

Cannister rotate, 
ma*: 4 -. extend 

Elec, assembly 
control/motors 


i 

! 

i 

Hanual/ automatic 
mode 

Elec, assembly 
control/motors 


i 

i 

Sun track/ trail 
submode 

Elec, assembly 
control/motors 



Slew to position/ 
oonstant rate 
submode 

Elec, assembly 
control/motors 


i 

Gimbal rate (alpha) 

Elec, assembly 
control/motors 



Gimbal rate (beta) 

Elec, assembly 
control/motors 


j 

1 

Gimbal position 
(alpha) 

Elec, assembly 
control 



* 


I 



Figure 2.15-2. PEP Control Display Format 
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C. PL LATCHED are discretes indicating A, B and C micro switches have 
been latched. Text outputs are 1 or 0. 

Status Display — This display provides the crew with the capability for 
or.-orbit monitoring of Array Deployment and Power Regulation and Control 
Assembly component failures. 

Figure 2.15-3 is the PEP Status Display Format. It is formatted with data 
processed by the Systems Management GPC with raw and semi-processed data 
obtained fhom the PEP system. The data will be continuously displayed when the 
PEP is in operation. 

1. The girabal rate portion of this display shows the actual rates 
commanded by the rat- 1 algorithm within the CEA and the actual rate derived 
from changes of the shaft encoder position data with respect to time. The 
rates are given in degree** per second. The status colunn after the actual 
rates will display an "M" to indicate when data is missing. 
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2 . Girabal position is also provided in terms of actual and commanded 
values. Commanded values will vary with mode; for manual modes the data will 
be that input by the crew while that provided when in automatic mode will be 
that provided by the sun sensor and output by the CEA. The position is given 
in degrees. The status colunn a.'ter the actual position will display an "M" to 
indicate when data is missing. 

3. PEP faults attributable to the gimbal system are shown to ensure 
that operations will be modified <~>r halted should a failure occur. The 
offending uiits comprising the Drive Actuator Assy (DAA), Servo Power 
Amplifier (SPA) or Angle Encoder (AE) will be indicated by a down pointing 
arrow ( + ) » 

H. Loss of the sun sensor or processor, indicated by a down pointing 
arrow ( + ), is provided to indicate that the crew should revert to fixed rate 
operation. 

5. Loss of functions in the Control Electronics Assembly (CEA) are 
indicated by a down pointing arrow (i) for primary and backup systems. They 
include faults within the multiplexing and encoding assemblies (MCEA), 
interface control function (ICF) and microprocessors (PROC) . Since the systems 
are dual redundant their loss does not require mission cancellation; alternate 
units may be selected by addressing. However, the readouts allow the crew 
and/or ground to assess reasons for the failure(s) and perhaps alter proce- 
dures or improve environmental conditions. 

6. Item 6 provides a similar assessment of a fault in the 
multiplexer/demultiplexer assembly (M/DA). They include the interface control 
function with the CEA and the power distribution control (PDC) module. A fault 
is indicated by ( *• ) . 

7. Failure of array or canister motors to operate is a critical 
failure indicated by an (;). EVA action to fr^e or jettison the faulty unit is 
required. Alternatively the ADA may be jettisoned. 

8. Item 8 indicates a loss of either a switch or regulator and is 
indicated by an U). The option in either case is to reconfigure the switch 
settings. 
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2.16 AVIONICS THERMAL CONTROL REQUIREMENT S 
Objectives 


The objective of this study task was to determine the suitability of the 
thermal control design for ADA located avionics and electrical power compo- 
nents. 

Conclusions and Recommendations 

Key Orbiter orientations and orbits were examined to define worst hot and 
transient conditions. This analysis included effects of Orbiter bottom 
infrared (IR) energy jitpinging on the array deployment assembly; solar and 
re-reflecticn effects were not included. The hottest cnsu identified consists 
of an astronomy mission at 90° beta angle which locates the array under the 
Orbiter bottom (-2 solar inertia) . 

The worst case transient occurs at low earth orbit where the avic..ics see high 
levels of earth albedo and IR on sun side and then cold space on the shade 
side of the orbit. 

A compilation of avionics thermal requirements shows that non-operating limits 
range as great as -22 to 149°F (-30 to 65°C1 . The smallest range is 5 to 122°F 
(-15 to 50°C) . Some operating limits are more stringent, 32 to 149°F .0 to 
40°c) for sun sensor processor. Sustained power levels are small, the maximum 
being 150 watts for the array diode assembly. 

The thermal analysis showed that non-operating temperatures were low, down to 
-79.6°F (-62°C). Electrical heaters or other means of obtaining heat input 
will be necessary for non-operating cold cases. 

The highest operating temperature occurs for control electronics, which 
reached 98.6°F (37°C) at 90° beta condition when operating at 40 watts normal 
power level. This is below the maxiraun allowable of 122°F (50°C) . The control 
electronics would exceed the 122°F (50°C) limit if the 80 watt peak power 
level was sustained . 

The cursory analysis results reported herein indicate the feasibility of the 
current PEP design to maintain avionics temperatures within limits. A more 
detailed analysis i3 recommended for Phase C/D to precisely size heaters and 
determine detailed design for the avionics components. 
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Assumptions 

The following assumptions were made. 

• Heat is lost from the top surface of the components except for array 
diode assembly which assumes top and two side surfaces. 

• Insulation sized for 10°F (-12°C) temperature drop between equipment 
and surface at sustained power levels. 

• Orbiter bottom surface characteristics, solar absorptivity/ emmissivity 

= 1 . 0 . 

• Orbiter orientations 

— Space Processing and Life Sciences - nose gravity gradient, -X 
LV, Z POP (low beta) 

— Earth Observation - bay to earth, Z LV, Y POP (all beta) 

— Solar Observation - bay to sun, Z SI (high beta) 

— Astronomy - bay perpendicular to orbit plane, Z inertial, X IOP 

(all beta) 

• Avionics surface emmissivity =0.9 
Approach 

The approach to assessing the suitability of the avionics thermal control 
design was to calculate expected component temperature histories for severe 
environment conditions and then compare the results with allowable tempera- 
tures. Allowable temperatures for the components were obtained from supplier 
data and is given in Table 2. 16-1 . 


Table 2.16-1. PEP Deployed Avionics Cooling Requirements 



Temperatures (°C) 

Power (wafts), 
nominal /max 

Item 

Operating 

Nonoperating 

Sun sensor processor 

0 to 40 

-25 to 50 

2. 5/2.6 

Control electronics 

0 to 50 

• -15 to 50 

1+0/80 

Actuator and power 
connectors 

— 

-30 to 65 

— 

Drive motor 

-29 to 66 

— 

11.5/TBD 

Array diode assy 

-65 to 115 

— 

150/150 
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Worst case conditions for the analysis were determined by comparing the indi- 
vidual contributions of earth infrared (IR) and albedo and Orbiter IR. Maximun 
hot case and maximum orbital fluxuation cases were selected for analysis. 

A two-node transient model was used to calculate temperatures at 10 points 
around the orbit. Several orbits were run until the equipment temperature 
change at the start of successive orbits was less than 0.05°F (0.028°C). 

Results 

Table 2.16-2 shews the approximate levels of expected heat fluxes which would 
impinge on the shade side of the array deployment assembly. The hottest envi- 
ronment is expected to occur during an astronomy mission at high beta angle 
where the bottom of the Orbiter produces the maximun infrared influx to the 
avionics. Substantial earth IR also strikes the avionics for this condition. 
The 90° beta condition is severe since the Orbiter/PEP is in the sun continu- 
ously; the cooler earth shade environment is not encountered. 

The greatest environment extreme occurs with the astronomy mission a low beta 
angle. Full earth albedo and IR are experienced during sun side operation and 
cold space is encountered during shade aide operation. 


Table 2.16-2. 

FEP Avionics 

Incident Heat Fluxes 

for Typical Missions 





Heat influxes 



Beta 

Earth IR 



Mission type 

Orientation 

angle 

and albedo 

Orbiter 

Total 

Space processing 

-X LV 

Low 

Med to high 

Low 

Med 

sind life sciences 

Z POP 





Earth observation 

Z LV 

y pop 

All 

Med to high 

Low 

Med 

Solar observation 

Z SI 

High 

Med 

Low 

Low 

Astronomy 

Z inertial 

Low 

Med to high 

Low 

Med 


X IOP 

Low 

Med 

High 

Med to higi. 

*Worst case bottom 

to sun — PEP 

located 

under bottom. 
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Calculated avionics temperatures are given in Table 2. 16-3 for expected levels 
of power output and fo- the two worst case environment cases. The allowable 
temperature ranges are also given for reference. Power-on cases for the actua- 
tor and power connectors and drive motor are not given since operation of this 
equipment is of short duration, occurring only during deployment and retrieval 
where worst case orientations are not expected. 

The results show that low temperatures occur when equipment is not operating, 
ranging as low as -79.6°F (-62°C). Heaters or warm mounting locations may be 
necessary for these conditions. Normal operating power levels result in 
acceptable temperatures, however, the raaxiraun power level of 80 watts for the 
control electronics results in an over-temperature of up to 73. 4 °F (23°C) f^r 
che hottest environment. The high power level is expected to be short dura- 
tion, however, ane )t a design condition. 


Table 2.16-3. PEP Avionics Cooling — Equipment Temperature Predictions 


Item 


Power 

(watts) 

Allowable 

range 

(°c) 

Temperature ( 
0° beta 

Maximum Minimum 

°0 

90° 

beta 

Sun sensor processor 


0 

-25 

to 

50 

—57) 1 ? 

-62 (1 > 

-ll* 



-.5 

0 

to 

1*0 

-30(1) 

-35( 1) 

6 

Control electronics 


0 

-15 

to 

50 

-57(1.) 

-62d) 

-ll* 



1*0 

0 

to 

50 

13 

10 

37 



80 

0 

to 

50 

56(2) 

53(2) 

73(2) 

Actuator and power 


0 

-30 

to 

65 

-57(1) 

-62d) 

-ll* 

connectors 









Drive motor 


0 

-°9 

to 

66 

-57U) 

-62U) 

-ll* 

Array diode assy 

0 

to 150(3) 

-65 

to 

115 

55 

-3 

82 

Heaters may be required. 







/ o Not a sustained power 

level. 







^ No power on shade side 

; of orbit. 

150 watts on 

sun side. 




MCOOW/VfLi. 0000140 




127 


2.17 THERMAL CONTROL CONFIGURATION DEFINITION 
Objectives 

This task compared active versus passive thermal control configurations for 
cooling PEP voltage regulators. Since the thermal control configuration has a 
major impact on overall PEP structural configuration, the trade addressed the 
major affected program parameters of uost, weight, bay volume considerations 
and ground operations. 

Conclusions and Recommendations 

The passive concept improves heat rejection, eliminates fluid interfaces 
between the PEP and Orbiter and simplifies ground operations. These advantages 
are offset somewhat by a 1/2 million dollar cost increase and a 38 lb (17.3 
kg) weight increase. Some planned EVA routes may require minor modification 
due to the assumed passive configuration location. 

Use of the passive concept reduces the Orbiter heat rejection load by an 
amount equal to PEP regulator parasitic loss, approximately 3 kw. This enables 
the PEP/Or biter to operate at higher power levels, up to 3.4 kw. 

Freon 21 fluid interfaces between the Orbiter and PEP are eliminated with the 
passive concept. This results in reduced complexity, Orbiter scar weight and 
costs to modify Orbiter for PEP installation. Safety is improved because fluid 
lines, disconnects and cold plates are eliminated. The passive concept is 
judged to be more reliable than the fluid concept. Ground operations are 
simplified and schedules shortened by the elimination of fluid interfaces. 
Orbiter serial impact time for initial installation is reduced from 34.5 hours 
to zero by the passive concept. This corresponds to costs of up to 0.7 million 
dollars in 1980 dollars. A significant time saving results for operational PEP 
installation and removal of about 1.5 hours per operation. 

Based on the results of this trade study, it is recommended that the passive 
concept be studied in greater depth with particular attention given to the 
following issues: 

1 . EVA route intrusion 

2. Orbiter bay thermal impact 

3. Use of honeycomb structure 

4. Design optimization 
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Satisfactory resolution of these issues is expected to provide sufficient data 
for a final decision on passive versus active thermal control. 

Assumptions 

The following assumptions were made for the passive concept: 

• Sun side regulator heat load = 2 92 kw '29 kw total power) 

• Coating performance, absorptivity _,olar/emmissivity thermal = 0.105; 
emmissivity thermal = 0.76 

• 270 nm attitude 

• Adiabatic surface on passive panel undersides 

• 3 kw fuel cell power level in sun 

• Regulator temperature limit at base = 150°F (65°C) 

• 4 man/orbiter crew 

• Flash evaporator performance limit = 30 lb/hr (13.6 kg/hr) of water 
throughput 

• Heat pipe temperature drop = 10°F (5.6°C) 

• 6 regulators with baseplate of 16 x 20 inches (40.6 x 50.8 cm) for each 
regulator 

• Orbiter orientations 

1. Earth viewing, XP0P, ZLV and YP0P, ZLV with 45° roll (low beta) 

2. Solar observation; ZSI (high beta) 

3. Space processing and life sciences, -XLV, ZPOP (low beta) 


Approach 

The approach to this trade is shown in block diagram form in Figure 2o17-1. 

The trade compares the passive versus reference design active configurations 
by examining the change in key program parameters when incorporating the 
passive concept. 

Referring to Figure 2.17-1, initial trade tasks included identification of key 
trade criteria and definition of renuirements to be used in the passive con- 
cept preliminary design. These reauirements are derived primarily from the 
reference design effort but supplemented in areas unique to the passive 
approach. 

A preliminary design was generated on the passive concept to a depth consist- 
ent wi ! . the reference design with particular attention given to characteris- 
tic definition corresponding to the trade criteria. Supporting analyses were 
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FiS^rs 2.17-1. Approach to Task 2.17 — Thermal Control Configurations Definition 

performed to 1) determine adequacy of the design, 2) develop detailed data 
corresponding to trade criteria and 3) determine performance characteristics. 

The configurations were then compared in a systematic manner based on the 
trade criteria. The preferred configuration was selected and recommendations 
made for program action. 

Results 

The passive thermal control requirement is to provide up to 2.92 kw of cooling 
for the PEP voltagt regulators and limit the temperature to 150°F (65°C) . 
Location of the PEP equipment is constrained based on EVA path and payload 
reserved volunes. EVA reserved envelopes summarized in Figure 2.17-2 were 
obtained from "Space Shuttle System Payload Accommodation," -JSC 07700, Volume 
XIV. 

Figure 2. 17-3 presents the passive thermal control configuration in isometric 
form. The configuration consists of two flat panels, each is positioned 
between the Orbiter sill and a point just above the airlock. The two panels 
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join at this point by a hinge connection. The panels are aft of the airlock 
hatch to preclude interference with hatch operation during EVA. Heat from the 
voltage regulators is distributed over the panel surfaces by heat pipes and 
subsequently rejected to space. 

Extruded sections are welded together to form the panels. These extrusions 
contain the heat pipes, the radiating surface and flanges for mounting the 
regulators on the panel underside. Additional stiffening panels are added to 
obtain adequate rigidity to withstand vibration, acoustics and acceleration 
loads. Thermal characteristics of the radiating surface is provided by silver 
teflon material with a low ratio of solar ab. crptivity/thermal emaissivity. 

A previously developed ammonia heat pipe was selected for the design which 
minimizes program risk and cost. This is a NASA-GSFC aluminum heat pipe with 
an inside diameter of 0.344 inches (0.87 cm) and a standard 0.0425 inches 
(0.11 cm) deep axial groove geometry. 

A weight statement for the candidate thermal control configurations is given 
in Table 2.17-1. Structural/mechanical weights are higher by 77 lbs (35 kg) 
for the passive configuration because of the heat pipe and extended surface 
requirement. This is only partly offset by elimination of thermal control cold 
plates, 47 lbs (21.4 kg). Power distribution cables are 6 lbs heavier for 
passive because low voltage cable runs are longer. The total weight of the 
passive configuration is 38 lbs (17.3 kg) greater. This weight is offset some- 
what by SCAR weight to Orbiter for fluid lines which amounts to about 13 lbs 
(5.9 kg) . 

Regulator T emperature Limi ts — Performance capability in terms of regulator 
temperatures was performed at two levels of detail. A detailed computer analy- 
sis was performed using TRASYS and SINDA computer programs for key orbital 
conditions. The model consisted of 136 noces for the Orbiter and 18 nodes for 
the passive thermal control panels. This model was also used to assess the 
thermal effect of the passive configuration on the Orbiter payload bay. 


A less detailed analytical approach was used to determine performance for all 
orientations which the PEP/Orbiter is expected to fly. This analysis assumed 
an adiabatic surface on the panel undersides and the Orbiter radiator panel 
effect was included in a cursory manner. Results of this simplified analysis 
approach agreed well with the detailed methods discussed in the above para- 
graph. 
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Table 2.17-1. Thermal Configuration Weight Statement 


i 


Configuration 
pounds ) 

(values 

in 

1 


Active 

Passive 

i 

Solar array 

1031 


1031 


i 

t . 

Blanket assembly 


615 


615 


Solar array wing box assembly 


loO 


160 

i 

! 

Solar array mast assembly 


256 


256 

‘ 

Structure/mechanieal 

300 


375 



Solar array supt. struc. assembly 


126 


126 

i 

j 

Pvr regulation equip, supt. struc* assembly 


68 
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Solar array canister supt. mech. 


33 


33 

i 

2-axis solar array drive gimbal assembly 


73 


73 

! 

Power distribution ana regulation 

6 98 


703 



Power distribution equipment 


97 


97 

i 

Voltage regulation equipment 


4 32 


432 

I 

Distribution cables 


169 


174 

i 

RMS power cable assembly 

101 


101 


j 

Thermal control 

44 


0 


f 

Avionics 

92 


94 


1 

Total weight (lh) 

2266 


2304 


! 

Weight delta (lb) 



+38 



Results of the derailed analysis is given in Figure 2.17-4 in terms of 4 node 
temperatures of over several orbits. Node 8211 represents the regulator base 
temperature. The orientation is for Orbiter nose towards earth with vehicle 
hold to minimize solar energy on Orbiter radiators. This is a favorable orien- 
tation and Is typical of a low G long duration mission such as life sciences 
or material processing . 

Data from the figure shows a regulator temperature variation of 47 to 96°F 
(8.3 to 35.6°C) over the orbit which is well below the 150°F (65°C) maximum 
allowed . 

Figures 2.17-5 ana 2.17-6 show the results of less detailed analyses. Orbital 
temperature variation is given in Figure 2.17-5 for key orientations. The 
gravity gradient orientation agrees with the detailed analysis results. Tem- 
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Figure Z17-4. Power Extension Package Regulator and Radiator Temperatures — Beta * 0. 
STS Nose Toward Earth, One Roll Per Cdwt. 
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Figure 2.17-6. Passive Thermal Control — PEP Equipment Temperatures 

peratures for bay down orientation are from 80 to 120°F (26.7 to H8.9°C) which 
also is well below the limit. Stellar pointing orientation is not shown in the 
figure, temperatures are between those for gravity gradient and bay down. 

Results 3how that regulator temperature limits are exceeded for direct solar 
viewing at 90° beta angle and a power level of 29 kw. Regulator temperature 
limits can be maintained, however, at electrical power levels below about 27 
kw. The main reason for the much higher regulator temperatures for the solar 
pointing case is due to the full sunlight orbit resulting in continuous regu- 
lator heat output and continuous hot environment. The slight deficiency in the 
passive design can be corrected by providing slightly larger panels. This may 
not be appropriate considering Orbiter performance at high inclinations with 
regard to payload launch capability and heat rejection capability. Orbiter 
heat rejection cspability limits power output to about 17. 4 kw for sustained 
operation and solar pointing operation. Power levels above 29 kw are possible 
but time limited due to water storage limits; i.e., more water is required for 
flash evaporation cooling than is being generated by the fuel cells. Since the 
fuel cells are at idle for 90° beta operation, considerable time is required 
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to store significant amounts of water. Therefore, sustained operation at near 
the 29 kw power level is unlikely and so V » 27 kw power level limit imposed 
by the current passive configuration is t to not be the limiting factor for 
solar pointing operation. 

Heat Rejection Limits — Heat rejection limits in terms of allowable power lev- 
els for Orbiter/PEP are given in Figures 2.17-7 to 2.17-10. The figures give 
maximum power levels for Orbiter without PEP, Orbiter with the reference 
design PEP with active cooling and Orbiter with the PEP passive configuration. 
Three levels of flash evaporator system operation are shown corresponding to 
no operation, sustained where just the amount of generated available water is 
used and maximum where the flash evaporator is operating at full capacity. 

Crew water use has been accouited for in determining sustained operation lim- 
its. 

Figure 2.17-7 represents the most, severe orientation and it can be seen that 
use of the passive configuration increases allowable power levels over Orbiter 
without PEP for inoperative or maximum flash evaporator operation. This is 
because fuel cell waste heat is lower with PEP. However, power levels for sus- 



Figure 2.17-7. Heat Rejection Performance Comparison — Active versus Passive Earth Viewing 
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Figure 2.17-8. Heat Rejection Performance Comparison Active versus Passive Earth Viewing 



Figure 2.17-9. Heat Rejection Performance Comparison — Active versus Passive Low G Sustained Operation 


MCDOWMVU. OOOOL4 1 


sS 1 — 


137 






EVAPORATION 

SUSTAINED 


Figure 2.17-10, HMt R*j <ctk>n Ptrformanc* Comparison - Acthre sarsus Pareto Solar Viawing 


talned flash evaporation is less with passive PEP than Orblter alone because 
the water generation rate is lower due to the idling fuel cells in sun tften 
PEP produces most of the power. Therefore, less water is available for cool- 
ing. 

The passive configuration offers a significant improvement over the aotlve 
cooling configuration for earth viewing shown in Figire 2.17-7, amounting to 
0.8 to 1.3 kw additional power level. 

Heat rejection performance for a less severe earth viewing orientation is 
given in Figure 2.17-8. This orientation is nose along velooity veotor with 
bay rolled 45° from local vertioal. No difference in performance exists for 
operation with no flash evaporation cooling beoause shade side oapabllity is 
controlling. This occurs because shade side required heat rejection is larger 
due to large fuel cell waste heat loads in the shade. Based on the data in the 
figure, the passive configuration allows up to 1.6 kw higher power levels for 
this orientation. 
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A favorable orientation of nose gravity gradient with roll is given in Figure 
2.17-9. The passive concept allows up to 2.5 kw higher power levels. Since the 
maximum PEP power output of 29 kw can be accommodated with the active 
configuration, the increased capability can be considered a performance 
marg in. 

Figure 2.17-10 shows that for solar viewing the passive concept results in 1 
to 3.4 kw higher allowable power levels. The improvement of 2.1 kw for no 
flash evaporation is particularly significant since little water is available 
for 90° beta operation. This results from the reduced fuel cell operation 
which produces only 1.5 lbs/hr (0.68 kg/hr) of water for cooling use. 

Summarizing, the passive configuration offers significant performance gains in 
terms of higher allowable PEP/Orbiter power levels a3 limited by heat rejec- 
tion. This improvement amounts to power levels up to 3.4 kw for solar pointing 
with maximixn flash evaporator cooling. Values for inoperative flash evaporator 
are up to 2.1 kw higher. This is particularly significant for earth viewing, 
stellar and solar pointing orientations where an inoperative flash evaporator 
may be advantageous to avoid water vapor in sensor fields of view. 

Ground Operations — The aspects of ground operations which are particularly 
impacted by thermal control configuration are; (1) serial impact time to 
Orbiter during initial PEP installation and (2) time requ-. od for operational 
installation and removal. Complexity and number of tasks required are also 
important because of effects on ground crew size and potential turnaround 
schedule holds. 

Analysis of initial installation time lines shows that 48 hours are required 
for. routing, installation, brazing and X-raying the interfacing freon fluid 
lines in the Orbiter. The passive configuration does not require these tasks 
thereby eliminating 34.5 hours of serial impact time to the Orbiter. Cost sav- 
ings for this impact could amount to as high as 0.69 million dollars. This 
cost is based on a serial impact cost of 20K dollars per impact hour in 1980 
dollars. 

Tasks associated with operational installation amounts to 1.5 hours for fluid 
line connections. Operational removal requires 1.0 hours for disconnecting 
fluid lines. These tasks are not required for the passive concept and repre- 
sent a savings in the timeline. 
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Some other ground operational tasks will be altered for the passive concept; 
however, complexity and time requirements are estimated to be similar to the 
reference active configuration. 

Vibration/Acoustics — An acoustics/vibration analysis was performed to deter- 
mine the adequacy of the passive design. Results showed the adequacy of the 
current design to withstand the induced Orbiter environment. 

Bay Thermal Effects — The SINDA computer program was used to calculate payload 
bay temperatures near the passive thermal control panels. Results are shown in 
Figure 2.17-11 for 5 orbits and a vehicle orientation of nose gravity gradient 
with Orbiter roll for favorable radiator viewing. Adiabatic panel undersides 
were assumed. The temperatures of key bay liner nodes show an orbital range of 
from about -200 to 40°F (-129 to -40°C) . This temperature range is within the 
-250 to 20C°F (-156.7 to 95.5°C) range expected for bay surfaces specified in 
JCD 2-19001, Shuttle Orbiter/Cargo Standard Interfaces. 



Figure 2.17-11. Power Extension Package Payloed Bay Liner Temperatures — Bata ■ 0. 
Nose Toward Earth, One Roll Par Orbit 
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The low temperatures resulting from this analysis suggest the possibility of 
higher performance for the passive concept if heat loss from panel undersides 
is allowed. 

Costs — Table 2. 17-2 gives the costs of items impacted for a program change 
from the reference design to the passive configuration. Hardware costs for 
passive are about 270 thousand dollars higher. The higher costs for heat pipes 
is not quite offset by cost savings for eliminated active components. Addi- 
tionally, system level rosts are about 230 thousand dollars higher resulting 
in a total cost differential of 503 thousand dollars. 

Cost estimates presented in the above paragraph do not include passive 
configuration cost savings for reduced C-3E, simplified ground operations and 
elimination of Orbiter fluid interface modifications. 


Table 2.17-2. Cost — Passive Versus Active Thermal Control 
(in thousands of 1978 $) 


Passive 


Active 


Heat Pipe 

$ 780 

Support Rack 

$ 290 



Cold Plates 

228 



Plumbing 

50 

Trunions 

50 

Fittings 

40 

Cable 

1,481 

Cable 

1,434 

HARDWARE TOTAL 

$2,311 

HARDWARE TOTAL 

$2,042 

System Level 

2,004 

System Level 

1,770 

TOTAL 

$4,315 

TOTAL 

$ 3,812 

Delta 

$ 503 




Volume Intrusions — The passive configuration potentially intrudes into the 
payload volune to a greater extent than the active configuration. There is an 
intrusion above the sill, from x-axis Station 639.5 to 679.5. Referring to EVA 
requirements , Figure 2.17-2, the passive configuration does not intrude into 
area 1-A whi;h consists of the first 48 inches (122 cm) in the carco bay. 
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The passive concept reduces the EVA routes shown for airlock outside 
configuration, 1-B. This route is intended to provide access into the Orbiter 
bay. Since the passive panels restrict an FVA directly to the area above the 
airlock hatch, routes may have to te altered so the EVA crewmen get to top bay 
region from the front bulkhead area. The passive configuration is not believed 
to unduel y restrict this type of operation. 

Area 1-C, shown in Figure 2.17-2, is required only for those missions wherein 
experiments may be deployed outside the dynamic envelope or where other exper- 
iments require EVA. A proposed alternate route is over the top of the passive 
panel near the top hinge line of the panels. Hand rails will be required 
across the panel and perhaps along a portion of the edge as required for EVA 
translation from the airlock top door to the back of the airlock. Some means 
of protection should also be considered to prevent damage to the thermal coat- 
ini s along the top of the panels. It is felt that an acceptable EVA path can 
be obtained with the passive concept. 

The passive configuration potentially intrudes into payload volune for "Get 
Away Specials" type payloads located in the passive panels sill support area, 
Stations 639.5 and 679.5. 

Loss of this area for payload 3 would not significantly reduce the total volune 
available to payloads. Therefore, intrusion of the passive configuration into 
payload volune is not believed to be a significant factor. 

2. 18 ORBITER DAP UTILIZATION/INTERFACE EVALUATION 
Objectives 

The object of this analysis was to evaluate potential constraints on the 
Orbiter DAP when operating wiih PEP. Areas addressed were RCS thruster selec- 
tion, limit-cycle operation and Orbiter maneuvers. 

Conc lusions and Recommendations 

The following preliminary conclusions are based on the discussion below. A 
0.02 Hz solar array wing cantilever frequency and a 200 ft-lb array mast 
strength were assumed based on the structural design criteria work reported in 
Section 2.8. 

• The PEP will impose constraints on the Orbiter DAP; these constraints 
will have to be defined on a mission specific basis. 
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• Nominal limit cycle operation should use the VRCS 

• Preliminary results indicate that inhibiting certain Orbiter limit 
cycle frequencies will not be required if a relatively small amount of PEP 
compliance structure damping Cone percent of critical) exists. 

• The PRCS may be used for nominal limit cycle operations when 
insignificant plume impingement occurs. 

• Maneuvers can be initiated with either the PRCS or VRCS. For maneuver 
rates greater than 0.C3 to 0.04 deg/ sec, the solar ar* ay must be oriented so 
that a thruster plune will not impinge directly on the surface of the array 
(i.e., thrust vector perpendicular to the array surface). Essentially any 
maneuver rate is possible with the VRCS from a dynamic load viewpoint when 
plune impingement does not occur. Maneuver rates with the PRCS will be limited 
to 0. 15 deg/ sec to near 1 deg/ sec depending on RMS and array orientation when 
no impingement occurs. 

e Inhibiting certain thrusters to minimize plune impingement appears 
feasible (rotational controllability maintained) with the PRCS from a thruster 
location and orientation standpoint. Actual DAP software jet select logic must 
b«. calyzed to verify this, however. The forward jets should be inhibited when 
the array is forward and the left side jets should be inhibited when the array 
is positioned to the left. Only PRCS thrusters with plunes above the Orbiter 
should be used wuen the array is below the Orbiter. Orbiter translational con- 
trollability cannot be maintained in general when these thrusters are 
inhibited. 

e Inhibiting VRCS thrusters to minimize plune impingement is not required 
except for maneuvers where plune impingement is significant. The limited num- 
ber of VRCS thrusters make inhibition of VRCS thrusters undesirable though 
geometrically feasible if only one VRCS thruster is inhibited. 

Approach/Discussion 

Orbiter-induced PEP dynamic loads result from Orbiter motions and RCS thruster 
plune impingement. Attitude motions can be divided into limit cycle motions 
and attitude maneuvers. The dynamic loads are treated in Paragraphs 2.8 and 
2.14 and some additional limit cycle analysis and specific DAP-related 
discussions arc presented here. 


A first-cut approach to the loads due to Orbiter limit cycle analyzed the mast 
root moment sensitivity to idealized one- and two-sided limit cycles. A 
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Fourier series representation of the Orbiter ideal limit cycle rate histories 
was used with an Orbiter-rate-to-mast-root-moment transfer function to gener- 
ate mast root moments per deg/ sec as a function of limit cycle period. The 
solar array/ compliance structure was modeled as a single ?xi3 rigid array con- 
nected to Orbiter rotation through the mast root compliance structure. The 
compliance structure frequency was 0.02 Hz and the compliance structure damp- 
ing was varied. 

Twenty-five hign fidelity Obiter on-orbit flight control simulation results 
were obtained fhom JSC/LEC (Space Shuttle Functional Simulation — SSFS). These 
simulations were for a rigid Orbiter and did not include a deployed PEP. Since 
PEP is relatively light, it was assumed that simulation results were valid. 
Each case simulated one orbit and was reviewed and the limit cycle rates, 
period between thruster firings (minimun, maximun, average), minimum impulse 
bit and type of limit cycle (one- or two-sided) determined. The cases included 
both the PROS and VRCS and several orientations. 

Plune impingement moments were evaluated by graphically integrating the 
thruster pressure distribution over the array. Plune force and moment impulse 
per Orbiter rate change was used so the effects on the PEP could be inter- 
preted directly as a function of Orbiter rate change rather than thruster 
un-time. Two solar array positio' 're analyzed for plune impingement. One 
with the array parallel to the x-z plane and the RI.3 extended maximum to the 
left (RMS/PEP Position 2, Figure 2.8-1). The second is with the array below 
the Orbiter and directly below an aft thruster (Position 3. Figure 2.8-10). 
Restricting various thrusters from firing when the array would lie in the 
plune is a potential solution to plune loading. 

Orbiter angular rate changes cause linear and angular rate changes of the PEP 
which result in dynamics structural loads. These loads were evaluated (Para- 
graph 2.8) with a simplified model and preliminary maximum allowable Orbiter 
angular rate changes were defined. DAP operation must preclude angular rate 
changes exceeding the PEP constraints. If high rates are required, the rate 
must be implemented gradually to reduce the array and RMS loads. These con- 
straints will vary on a mission specific basis and can be minimized by judi- 
cious RMS/PEP placement. 
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Resi'lts 


Figures 2.18-1 and 2.18-2 define the peak mast root moment on each wing per 
Orbiter limit cycle rate as a function of limit cycle period for several com- 
pliance structure damping ratios. Both two- and one-sided limit cycles are 
included . Only the peaks are shown but the function is continuous as a func- 
tion of limit cycle period. Between each peak, the function drops to the 200 
to 300 ft-lb/deg/sec level for all cases. N~te that the one-sided limit cycle 
peaks every 50 seconds of limit cycle period (both even ar.d odd harmonics) 
while the two-sided limit cycle peaks only every 100 seconds (odd harmonics). 
Assuming that the mast root moment limit is 167 ft-lb (20G ft-lb minus 33 
ft-lb due to blanket tension), a VRCS limit cycle rate of +0.006 deg/sec, and 
an 0.01 compliance damping ratio, there is no requirement on Orbiter limit 
cycle period. This correlates with the simulation results discussed in Para- 
graph 2.14. Reducing the damping ratio to 0.001 constrains the Orbiter limit 
cycle period to be larger than 150 seconds for the two-sided limit cycle case 
and greater than 50 (or possibly 100) seconds for the one-sided limit cycle 
case. Figure 2.18-3 defines the relationships between limit cycle period, rate 
and attitude for the two- end one-sided limit cycle trajectories. 

The above discussion is worst case from the viewpoint of limit cycle period 
since it assumes an ideal limit cycle operating at exactly a frequency which 
is a harmonic of the 0.02 Hz compliance frequency. As discussed below, actual 
limit cycles are much more irregular. The mast root moments shown in Figures 
2.18-1 and -2 are not conservative from a plume impingement viewpoint since 
plune impingement is not included. 

Realistic Orbiter limit cycle characteristics were available from the 25 simu- 
lation cases obtained from JSC/LEC (SSFC). The attitude dead bands were 0.1 
a.Jd 0.5 degrees for the VRCS and one and three degrees for the PRCS. The ori- 
entations included Z-axis local verticals, inertial holds and passive thermal 
control (PTC) attitudes with the X-axis in the orbit plane and canted 45 
degrees from the orbit plane. The PRCS limit cycles were two-sided in all axes 
except for three Z-axis cases which exhibited a combination over a complete 
orbit. The VRCS limit cycles were both one-sided and two-sided depending on 
the external moments. Of primary interest were the limit cycle rates and the 
time periods between firings which defined the limit cycle frequency content. 
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Figure 2*18-1. Peak Mast Root Moment Per Wing, Two-Sided Limit Cycle 



Figure 2.18-2. Peek Mast Root Moment Per Wing, One-Sided Limit Cycle 
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Figure 2.18-3. Orbit Limit -Cyde Period, Rate, and Attitude Relationships 

The maximun PRCS limit cycle rate observed was +0,06 deg/ sec. Similarly for 
the VRCS, the maximum limit cycle rate seen was +0.01 deg/ sec (X-axis). The 
maximun seen about the Y- and Z-axes was +0.006 deg/ sec with the VRCS. 
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The minimum angular rate changes due 
in the 25 oases were about: 

PRC3 

Roll (X-axis) 

Pitch (Y-axis) 

Yaw (Z-axis) 

VRCS 

Roll (X-axis) 

Pitch (Y-axis) 

Yaw (Z-axis) 


to minimum impulse bit firings observed 

0.06 deg/ sec 
0.05 deg/ sec 
0.045 deg/ sec 

0.006 deg/ sec 
0.002 deg/ sec 
0.002 deg/ sec 


Some smaller changes were observed, but these are considered typical. 

The limit cycle periods observed were very Irregular. This is due primarily to 
the time varying external aerodynamic and gravity gradient moments and also, 
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due to the non-syrametric control accelerations and complex thruster on-off 
logic. Because of the extent of the limit cycle irregularities obser/ed, it 
was not possible to accurately define the frequency content in the limit 
cycles. Consequently, the potential for limit cycle interaction with the PEP 
compliance structure resonances could not be significantly limited. Paragraph 
2.14 discusses some effort at quantification of the interaction effects. 

The plume impingement analysis showed that the PRCS and VRCS plume pressures 
varied approximately as the thrust level. Since the lever arms associated with 
the primary and vernier thrusters are about the same, the solar array plume 
impingement impulse for a given Orbiter angular rate change is approximately 
the same for the PRCS and the VRCS. The negative aspect of using the PRCS is 
that the limit cycle rates are higher than for the VRCS because of the rela- 
tive minimum impulse bit magnitudes. Thus, the limit cycle plune loads are 
effectively greater for the PRCS. For maneuver rates larger than the PRCS min- 
imum rate change, PRCS or VRCS thrusters may be used if the rate change con 
straints are met since the loads will be the same. Plume load calculations are 
discussed in Section 2.8. The maximum plume load condition is fcr RMS Position 
3 (see Figure 2.8-10) with the solar array 38 feet below the aft thrusters. 

The allowable pitch rate change is 0.03 deg/ sec when an 0.02 Hz compliance 
frequency is used (Figure 2.8-10). Similarly in Position 2, the maximum yaw 
rate change is 0.04 deg/ sec when the solar array is in the thruster p. me and 
perpendiculc" to it. These rate changes are smaller than possible with the 
PRCS as r:cei in the JSC/LEC (SSFC) simulation results. 

Plume impingement for RMS/PEP Position 1 (Figure 2.8-1) is relatively small 
compared to Positions 2 and 3 if the forward thrusters are inhibited. Complete 
attitude control is possible using only aft thrusters if primary thrusters are 
used for pitch-up accelerations. 

Orbiter maneuver limitations are defined by Figures 2.8-8 to 2.8-10 and dis- 
cusser in Paragraph 2.8. For any large rate maneuvers, the array must not fall 
significantly jn a jet plume since the loads are excessive. The inertial load 
constraints are less restrictive than the plume load constraints. An alternate 
plume load reduction approach for large maneuvers is to "feather" the array by 
manually commanding the Beta gimbal. Plume loads Will be reduced by about 90 
percent and the thermal constraints may become dominant. Either primary or 
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J vernier thrusters may be used for the maneuvers as long as the rate change 

constraints are observed. 

- r 

•* The following results are based on Figures 2.8-8, 2.8-9 and 2.8-10 (200 ft-lb 

, mast strength), and a 0.02 Hz compliance frequency when the array is not in 

!. the thruster plune. The three cases analyzed are considered worse case for 

each RMS position. Position 1 limits the pitch maneuver rate to 0.15 deg/ sec 
1 with the array along the Z-axis and 1 deg/ sec with the array along the Y-axis. 

The 1 deg/ sec is large because with the array along the Y-axis, the pitch 
) array moment of inertia is very small and the compliance structure attenuates 

the pluige load effects. The rate change limit in Position 2 is 0.22 deg/ sec 
; (no plume effects) or more depending on the array orientation and maneuver 

; axis. RMS/PEP Position 3 limits the pitch maneuver to 0.35 deg/sec when the 

j array is out of the plune. 

i 

2.19 POINTING /CONTROL AVIONICS CONCEPT AND OPERATIONS ANALYSIS 

i 

Objectives 

i To analyze requirements/ crj teria for array extension, retraction and Alpha/ 

Beta gimbal control for various PEP operational phases and define system 
functions/ specifications for integration into the Electronics Assembly., Con- 
; trol (CEA). 

Conclusions and Recommendations 

The keyboard functions/ commands necessary to effect array extension, retrac- 
tion and gimbal conrol were defined. In addition, CEA requirements for 
initialization and self test were developed along with microprocessor 
functional flows and function timing. 


It is concluded that software organization and microprocessor operation is 
similar to that employed in the Spinning Upper Stage Sequence Control Assembly 
(SCA) and that much of the work performed on the SCA is applicable to this 
program. 

Approach 

This task is an extension of the results of Tasks 2. 1 1 *, Solar Array Control 
Avionics .Requirements/Criteria Definitions and 2.15, Control Systems Manage- 
ment - GPC and Array Control Processor Interface Definition. In some respects. 
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the analysis has been reo r ' nted to provide data of interest to NASA personnel 
as defined by action items. 

In general, operations to be performed after the application of power to the 
CEA were reviewed and means for implementing these operations were hypothe- 
sized . 

Assumptions 

• A microprocessor will be employed for CEA peripherals control. 

• The connection between the CEA and the GPC will consist of data bus 

only. 

• The input for commands to the CEA and display of CEA data will be via 
thi MCDS only. 

Results 

The results of the analysis are contained in the following paragraphs. 

Operational Controls — Since the PEP employs only one panel-mounted switch, 
which is for power turn on/off, no AFD-generated interrupts are generated. An 
external clock interrupt will be required for software sequencing. Keyboard 
commands will be entered via the MCDS keyboard ar.d , when received by the hard- 
ware, placed in microprocessor Random Access Memory (RAM). An interrupt can 
then be generated to tell the software that a command is in the buffer. 

Keyboard Commands — The CEA should be capable of receiving the following com- 
mands and executing them upon receipt. 

1. Set Discrete Output — Commands the software to set a specific output 
which is specified by the second data byte. 

2. Reset Discrete Output — Commands the software to reset a specific out- 
put which is specified by the second data byte. 

3. Select CEA Unit No. 1 to Transmit — Enables CEA Unit No. 1 to transmit 
while inhibiting Unit No. 2. 

4. Select CEA Unit No. 2 to Transmit — Enables CEA Unit No. 2 to transmit 
while innibiting Unit No. 2. 

5. Rotate Canisters and Extend Masts — Command will only execute if pre- 
ceded by a command to set discretes enabling canister drive motors. 

6. Retract Masts and Rotate Canisters — Command will only execute if pre- 
ceded by a command to set discrete enabling canister drive motors. 
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7. Release Canister Restraints — Command will only execute if preceded by 
a command to set discretes enabling latch release solenoids. 

8. Latch Canister Restraints — Command will only execute if preceded by a 
command to set discretes enabling latch solenoids. 

9. Start Manual Mode — Slew to position sequence. 

10. Start Manual Mode — Constant array rate. 

11. Start Automatic Mode — Track sun. 

12. Start Automatic Mode — Trail position. 

13. Transfer Data Command — The software should maintain a transmit buffer 
containing status fields from both units (1 and 2) of the CEA. The buffer need 
be updated no more than once a second . 

Initialization — Upon turn on of the CEA, the software should perform self-test 
routines verifying internal CEA operation. These tests would include (1) the 
CPU internal registers. (2) ROM check suras, (3) RAM tests, (4) digital and 
discrete input operation, and (5) power supply voltage levels (see Figure 
2.19-1). Upon test completion of all CEA functions, internal registers could 
be initialized, the discrete and digital data checked against tables in data 
base, interrupts enabled and an idle loop entered. 

Operation — Subsequent to initialization the software, as shown by the timing 
diagram in Figure 2.19-2, should: 

A. Poll all variables 

B. Enter variables in buffer 

C. Schedule work in activity queue 

D. Perform work in activity queue 

E. Return to idle loop 

The receipt of commands and their implementation would follow the flows of 
Figure 2.19-3, i.e., upon receipt of Command No. 7, wing box restraints would 
be released and the event displayed upon the MCDS CRT. This would be followed 
by Command No. 5 and also verified by the crew. 

Upon receipt of Commands 9, 10, 11 or 12, the gimbal drive sequence would be 
entered which provides outputs to the gimbal servo amplifiers. The process 
would be go/erned by the computation of the equations defined in Task 2.13, 
Solar Array Control Avionics Requirements/ Criteria Definitions. 


/HCOOHNMLL OOUOLJk 


0 - 


- 1 * 






1 



151 




























Figure 2.19-3. Operations Flows 

2.20 EMC ANALYSIS 
Objective 

To determine the radiated electric field intensity external to the Orbiter due 
to Orbiter transmitters and antennas. 


Conclusions 

High field intensities impinging on PEP will be produced by the Ku band commu- 
nications (*149 V/M) and the S-band high power (100W) quad antenna systems 
(^9 V/M) . Since PEP does not operate at these frequencies shielding and 
filtering of circuits should be highly effective. It is recommended that 
signals and signal thresholds be as large as permissible (consistent with 
available transtorized logic elements) and that care be exercized in 
grounding/ shielding PEP assemblies. 

Assumptions 

• Antenna locations are as shown in Figure 2.20-1. 

• Transmit power levels, transmit losses and transmit antenna gnins as 
specified in Space Shuttle Communications and Tracking RF Link Circuit Margin 
Summary, EH2-M/79-039, dated April 1979. 




f 
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S-BAND QUAD (2) 



S-BAND HEMI 



UPPER FUSELAGE LOWER FUSELAGE 

Figure 2.20-1. Antenna Element Locations on Vehicle 

Approach 

The initial step was to determine the distance at which a beam would be well 
formed . This occurs at a distance of : 

1/4 D 2 /A 

Where: 

D is the diameter of the illiminator 
A is the wavelength of the radiation 

For the Ku band antenna a distance of 12. 5M results. 

Two methods of calculating the electric field strength were then considered. 
Method 1 — The Ku band transmitter power to the antenna was found to be 13 dB 
(20W) or transmitter power output of 17 dB — 4 dB attributable to circuit 
losses. The power would radiate through an area defined by the distance to the 
object and the approximate antenna beamwidth. 


Given a 1.6 degree beamwidth for the Ku band antenna a distance between the 

antenna and PEP of 14. 6M, the diameter of the beam would be 14.6 X 1.6/57.3 = 

0.41 meters and its area would he 0.13 square meters. Since the beamwidth is 

specified as the radiation half power points, the power density (P j ua3 taken 

2 D 

as total radiated power/2 X 1/0.13 = 76 W/m . The electric field intensity was 


MCDOW/WCLI. OOOOLAl 




154 


T I 






T 





1 

1 

I 

1 

] 






— - t -- . 


4 



then fouid to be 169 volts/meter using the equation s (P x 377 ) where 
377 is the free space impedance. 


Since antenna gain is defined as the ratio of the power intensity of the sub- 
ject antenna to the power intensity of an omnidirectional antenna with the 
same power input, it can also be looked upon as the ratio of the area of a 
sphere of radius R to the radiation area of the subject antenna's beam at 
radius R; l.e.. 


GAIN = 


where 


o 

P 


fz 

*1 


P = subject antenna power intensity 

P^ = Reference antenna power intensity 

A = Area covered by subject antenna's radiation 

A = Area covered by reference antenna's radiation 
2 

Then multiplying the gain by the power input to the antenna and dividing by 
the area of the reference antenna yields the power density at the range of 
interest or 

2 

P n = Pa/A = Pa A /A A„ = Pa G/A 0 = Pa G/MttR 
D 1 2 12 2 

where 

Pp = Reference an tenna power density 
Pa = Power to reference antenna terminals 
G = Gain 
R = Distance 

But Pa G is simply the reference antenna isotropic radiated power (EIRP) and 
the electric field intensity can now be found as before; i.e., 

«(P x 377 > 1 /2 = (EIRP X 377/M ) 1/2 X 1 /R 

For an EIRP of 52 dB from the referenced docunent and a range of 14. 6M the 
electric field intensity is found to be 149 volts/meter which is within 12S of 
the figure obtained by Method 1. Due to its simplicity Method 2 was selected 
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to calculate the field intensities for all Orbiter antennas in use when PEP is 
deployed . 


Results 

The field strengths calculated as a function of distance between the Shuttle 
antennas and PEP are shown in Table 2.20-1. 

Table 2.20-1. Electric Field Intensities Produced by Orbiter Antennas 


Antenna 

Transmitter 

power 

(W) 

Spherical 

coverage 

(*> 

Field 

strength 

(V/M) 

Ku band (comm) 

50 

1.6 

2181 /R 

Ku band (radar) 

TBD 

TBD 

TBD 

S band quad 

100 

72 

42/R 

S band quad 

2 

41 

6.9/R 

S band hemi 

10 

40-50 

8.8/R 

S band P/I 

5 

TBD 

5.29/R 

UHF (EVA) 

0.25 

85 

0.27/R 


For distances closer than 12. 5M for Ku band and at S band and lower 
frequencies the validity of these values are questionable since the beams will 
not be well formed. However, they should be a worst case. 

Figure 2.20-2, PEP Clearances - Deployed, can be used in conjunction with 
Figure 2.20-2, to estimate electric field intensities impinging upon PEP 
equipment. The 14. 6M separation used in the "Approach" calculations was 
obtained from Figure 2.20-2a. A distance of 4.8 meters, obtained from Figures 
2.20-2a and -c may be used to calculate a value 8.75 V/M from the S-bancJ Quad 
on the lower fuselage. 
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2.21 ALTERNATE SOLUTIONS FOR PEP/RMS srr M4 , „ 

Objective SIGNAL A*® D «VE POWER WIRING 

To determine the best method for transfer, 

between the array deployment aaaemhly and el 8 ! 1 ”" 6 ''' C ° ntr01 318,1313 a " d data 
aft flight deck. q Pment ln the Payload bay and/or 

ganglions a nd Recommendation. 

b'eun!:! 3 ;::: 1 ::: 1 ;:;;: * .. conex^ ^ the 

- — - - ~ r; ttrir a : r~ — - 

P°wer, signal and data transfer. 

Assumptions 

Payload, may wlah to u,e the SPEE wiring. 

Approach 

baseHne, ahown ° PtI °" ' “n,l,t, of the 

6r Cable be tween J 9575 where the SPEE win ^ 3 b ° X *" the junp 

the added connector through which it leaves 8 Ztl^ T Station and 

leaves. Option 2 is to install a new 
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Figure 2.21-1. RMS Wiring/PEP Intarfac* 

cable to the RMS providing the requisite functions to the array deployment 
assembly, fhom the payload bay, reversing the position of the power connector 
actuator to the SPEE rather than the grapple fixture side, and providing a new 
switching capability in the on-orbit station for PEP component power on/off. 

Results 

The options were first considered on a qualitative basis as shown in Table 
2.21-1. The major arguments against Option 1 stem fhom the constraints which 
arise fVom using an existing design rather than any large impact resulting 
from joint PEP/ payload use of the SPEE wiring. The major argument for Option 2 
is that it removes these constraints. Overshadowing its positive aspects is 
the requirement to modify the RMS. Since the modification appears to be exten- 
sive, it dees not appear to be an attractive solution. 


In order to provide a more conclusive determination, the modifications for the 
options were listed. The results, shown in Table 2.21-2, indicate that the 
addition of a switch box on the AFD requires fewer modifications. Whether the 
component should be charg cable to PEP or, indeed, whether the assumption that 
payloads will require access to the SPEE wiring is correct is beyond the scope 
of this trade. 
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Table 2.21-1. Options for PEP/RMS Signal and Drive Power Wiring Trade 


Option 

Pro 

Con 

1 

• Makes maximum use of 
existing hardware. 

• Existing SPEE wiring does 
not provide complete 
redundancy. 


• Reconfiguration of payload 
bay wiring has precedent in 
the form of the payload sta- 
tion disribution panel. 

• Restricts available power 
to 224W for 24 VDC at 
shoulder. 


• Switch box may be charged 
to payload integration. 

• Requires switch box in AFD 
to allow payload and PEP use. 

2 

• Removes constraints on 
power level and deployment 
assembly implementation. 

• Requires additional RMS 
modification. 


• Isolates PEP system from 
payload changes. 

• Adds restraining torque to 
RMS movement. 



• Actuator location on SPEE 
could interfere with payloads. 


Table 2.21-2. Option Modification Listing 


Modifications - Option 1 

• Replace 21 wire cable approximately 10 feet long with two five- foot cables. 

• Add switch box containing 21 segment motor-driven switch. 

• Add switch to switch panel. 

• Add five-foot, two-wire cable between switch box and switch. 

• Add two-wire cable between switch and 28 VDC. 

Modifications - Option 2 

• Modify RMS end effector to accept power connector actuator. 

• Add approximately 30 pins to power connectors. 

• Add 60-foot, 30-wire cable between end effector and shoulder disconnect. 

• Add connector to shoulder bracket. 

• Add 20-foot, 30-wire cable between shoulder bracket and MDA on power control 
and regulator assembly. 

• Add 20-foot v four-wire cable between power distribution box and A8J2 cn 
bulkhead Xo 576. 

• Add 10-foot, four-wire cable between A8J2 and switch panel on aft on-orbit 
station. 

• Add two switches to standard switch panel. 

• Delete (neg cost) 19-wire, 10- foot cable between J9575 and A8J2 on AFD. 

• Delete (neg cost) 19-wire t 20-foot cable between A8J2 and power regulation 
and control assy. 
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2.22 COLLISION HAZARD ELIMINATION 
Objective 

Identify potential PEP collision hazards and assess potential solutions. 
Conclusions 

It is concluded that PEP operations safety can be assu; ed with minimun addi- 
tions to PEP hardware and without significant changes to currently defined 
Orbiter operations. Crew involvement and development of detailed procedures in 
advance are key elements of the approach outlined below. 

Approach 

In all aspects, the PEP system intends to comply with the fail-safe design 
philosophies adopted by the Shuttle program at its inception. Where collision 
avoidance is concerned, fail-safe operation is achieved by a combination of 
design features and operational procedures. In this regard, capabilities of 
the astronaut/operator are depended upon to monitor and control automated 
functions and us*- of existing Orbiter/RMS eo.uipment emphasized. Complex colli- 
sion avoidance software has not only been found to be unnecessary, but, in 
PEP, it is undesirable as a means of avoiding such accidents. 

Table 2.22-1 lists PEP operations leading to potential collision nazards in 
chronological order. It is important to note that five of the seven cases 
involve the normal RMS operations of moving an object fret point to point. In 
these cases, it is intended that all protocol evolved for this subsystem can 
be applied in the operation of PEP. Hence, standardized procedures will be 
utilized to enhance safety whenever applicable. 

The close proximity of the ADA to the PRCA and the Spacelnb Module when stowed 
(short tunnel installation) represents a collision hazard peculiar to PEP 
(Figure 2.22-1). While penetration of the Spacelab pressure shell is a hazard, 
the external fiberglass insulation represents a form of armor against colli- 
sion. This is particularly true of its forward pressure bulkhead, where con- 
siderable distance exists between thr insulation and pressure wall. This pro- 
tection, combined with careful rounding of all external ADA corners and use of 
low-RMS tip rates should eliminate the hazard. If a thorough analysis of this 
type of collision reveaxs that penetration is still possible, the Spaceia* can 
be sealed off during the PEP removal/replacement operations, thus removing 
this hazard from the catastrophic category. 
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Table 2.22-1. PEP Operations Involving Possible Collision Hazards 



Function 

Failure 

Catastrophic hazard 

f 

f 

[ 

\, 

1/6 

Remov ing/ replac ing 

RMS or RMS operator 

Puncture of Spacelab or 


PEP from/in Orbiter 
payload bay 


PEP cold plates 

V 

t 

2/7 

Moving PEP to 

RMS or RMS operator 

Damage to Oroiter 

\ 


operating position/ 


structure and/or 

I' 


Orbiter payload bay 


insulation 

J 

3 

Establishing correct 

RMS or RMS operator 

Damage to Orbiter 



operating position 


insulation 

1." 

4 

Inadvertent RMS 

Orbiter control 

Damage tc Orbiter 

i k 


movement 

system RMS cont. il 

structure and/or 

C 


system operator 

insulation 


if 



failure 


K 

S 

Changing array 

RMS or RMS operator 

Damage to Orbiter 

i 


(Orbiter maneuvers) 

Orbiter control 

structure nd/or 

1 ^ 



system 

insulatio 

! . 

i " 


FORWARD 4 


ROTATING 

CANISTERS 



SPACE 

LAB 


ARkAY DEPLOYMENT 
ASSEMBLY (ADA) 
•STRONG BACK 
CONFIGURATION 


POWER REGULATION AMD 
CONI ROL ASSEMBLY (PRC A) 
• BEAM MOUNTED 


Figure 2.22-1. PEP Installed with Spacaiab (Short Tunnel) 




Cc4.li35.on with PRCA is not an electrical problem since the solar array is 
retracted and the Orbiter buses are not electrically connected to the PRCA 
during this period. However, the voltage regulators are mounted on standard 
Orbiter cold plates and each of these is connected to both Orbiter thermal 
systems. Thus, complete penetration of a cold plate can be a catastrophic haz- 
ard. In PEP, this hazard is eliminated by design. Cold plates and their fluid 
lines 3re protected on all sides from collision penetrations. 

Procedural approaches to hazard reduction can also be used in the removal and 
replacement operations. Use of two operators as visual monitors would elimi- 
nate reliance upon human depth perception. A monitor employing direct vision 
in the most critical portion of Removal/Replacement essentially sees the Z-Y 
plane (Orbiter coordinates) but one viewing a video display of the RMS elbow 
or vrrist camera would see the X-Y plane. Thus, a two-monitor system would be 
better able to avoid collision during Removal/Replacement. Use of the RMS 
automation capabilities will also reduce the probability of operator error. 
This will be practical in both flemoval/Replacement and moving PEP to and from 
its operating position (2/7 in Table 2,22-1) since relatively few end posi- 
tions are involved. For example, the ADA will generally occupy the same loca- 
tion within the Orbiter for all missions with a Spacelab Module. Similarly, 
the operating position of the RMS can to the same for all missions using a 
Y-POP Orbiter orientation (as in earth observation and solar observations in 
Spacelab 2). Programming of these multiple use RMS actions can be thoroughly 
verified prior to use. Hence, the only manual operation of the RMS in PFP will 
involve the actual grappling of the ADA during removal and final placement 
into tho retention latches upon return. This should amount to no more than a 
few inchas of correction to the end point of the automated trajectory. 

In regular operations, it is planned to move the ADA from its stowed position 
to its operating position prior to deploying the array wings and to retract 
them before returning. This allows simple compliance with a groundrule that 
operators have visual reference to all portions of an RMS payload at all 
times. Again, this RMS trajectory will be automated and two operator/monitors 
employed with the two independent sources of visual information (video and 
direct) . 
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As described above, the basic PEP/RMS operations (moving the ADA positions) 
are, as a minimum, fail-safe/ fV' safe from a collision standpoint. An inde- 
pendent monitor system applied to an automated RMS is safe under any combina- 
tion of two operator/ RMS failures and msny RMS failures require multiple elec- 
trical point failures. Possible catastrophic hazards resulting from a 
collision within the Orbiter bay during Removal /Re placement have been elimi- 
nated by design features that limit damage due to impacts. 

Safety in event of gimbal or array pointing system failure is a basic feature 
of PEP system design. Fundamentally, the solar array is stabilized with 
respect to the sun. Thus, if the Orbiter is stabilized to its local vertical 
(as in earth-viewing operations), the array rotates with respect to its car- 
rier. This orbital rate gimbal (a) gimbal axis is typically positioned perpen- 
dicular to the orbital plane. On PEP, the second (6) axis is perpendicular to 
the axis, parallel to the array's long dimension, and on the array side of the 
rotating (a) interface. 

In practice, the RMS is always located so that the array rotation path about 
the alpha axis clears the Orbiter (Figure 2.22-1). In this geometry, the array 
cannot collide with the Orbiter with any combination of gimbal or gimbal con- 
trol (pointing) system failures, Thus, the gimbal/pointing system is inher- 
ently fail-safe. 

But safe operation is obviously dependent upon establishing this initial RMS 
position accurately. As previously described, this position will be reached by 
programming the RMS and its position can be verified by reading all RMS joint 
angles. This is not, however, a positive check because a joint encoder (posi- 
tion feedback) failure could conceivably result in verifying an erroneous 
position. To guard against this failure, the PEP system utilizes a completely 
independent means of verifying the safety of this initial position. On the 
RMS, the wrist camera is initially used to sight a grapple (docking) target 
immediately adjacent to the PEP gimbal system. Two 10-inch mirrors, canted >55 
degrees to the camera's LOS, lie each side of the small PEP target. These 
are oriented so that an operator secs, as background to the grapple target, a 
3plit video image ,1th an optic axis along each array wing and parallel to the 
axis. After verifying the final RMS position by all indicated joint angles. 
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and prior to deploying the array wings, the operator rotates the ADA through 
180 degrees RMS wrist roll. Since the wrist roll as axis is fixed parallel to 
the gimbal axis, the two operators/monitors can view, by wrist camert video 
display, the total path swept out by the array du*ing operations. Thus, a com- 
pletely independent safety check of the operating position is accomplished. 

This discussion indicates why dependence upon collision-avoidance software in 
PEP operations is indesirable. Such software must, in turn, depend upon the 
accuracy of each RMS joint angle feedback encoder. If this instrunent provides 
erroneous information, collision avoidance software can approve a collision 
path. While it could be useful in extensive manual operations where each move- 
ment cannot be preplanned (as in retrieval of a free-flying object) , it has 
little value when the RMS is primarily used in a preprogrammed mode. Here the 
only failures that could cause collision are eithsr in the software or in the 
joint encoders (assuming one joint at e time programming where failure of any 
one joint to reach its goal interrupts the program). Here, software can be 
thoroughly checked on grouid simulators and a joint encoder error cannot be 
detected by collision software. Thus, it is be) ieved that programmed RMS 
motion, combined with dual operator/monitors following procedures that allow 
them to visually detect (by completely independent means) impending collisions 
due to any failure source, represents the safest mode of operation. 

After the final operating position of the RMS has been verified, it is locked 
into its idle mode. In this mode, power is removed from joint servo amps and 
the brakes are applied to each RMS joint. RMS brakes are a "dead m*n" design 
(i.e., power off is brake on) and multiple electrical point failures are 
required to disengage (power on) the brake or to power a servo which, under 
some conditions, could over-power the brake. 

The brake could also be overcome by external forces which may be caused by a 
failure in the Orbiter's attitude control system. To guard against any failure 
which inadvertently causes RMS motion during PEP operations, output of each 
joint shaft encoder are connected to the RMS audible warning system. In this 
regard, it is noted that (in some PEP operating positions) the angular clear- 
ance between the deployed array is small (on the order of five degrees). How- 
ever, in an attitude-hold mode, the amplitude of typical limit cycles is gen- 
erally small (usually less than one degree) and the period long (an analysis 
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of many different mission simulations yields an average limit cycle period of 
2.5 minutes . But even in a case of complete RMS brake failure, joint angular 
motion should be less than limit cycle amplitude and it would also be oscilla- 
tory. While differences in friction may, in this situation, produce a drift of 
the joints center position, the time available before action is required to 
avoid collision will typically be several limit cycle periods even in the most 
critical array positions. While RMS failure during an Orbiter attitude maneu- 
ver may need more rapid corrective action, operational procedure will require 
the crew to place the array in a noncritical position (generally requires only 
RMS wrist rotation) prior to undertaking a maneuver. Additionally, the PEP/RMS 
will be continuously monitored during an attitude change. 

As mentioned, operational procedures may require relocation of the array prior 
to a maneuver. This is done to remove the array from close proximity to the 
Orbiter, but to also remove it from direct plune impingement regions (particu- 
larly those of the primary RCS thrusters) . If PROS is to be used, plune avoid- 
ance additionally involves inhibiting all forward thrusters, and for this rea- 
son the PEP array will be retracted if PROS translational maneuvers are 
required. Also, PEP and the RMS will be stowed in the payload bay during any 
firing of the OMS engines. For these reasons, array repositioning accompanying 
an Orbiter maneuver may be a two-step process: it will first be moved to a 
noncritical region and then (post maneuver) moved to its new operating 
position. 

Current RMS operating rules prohibit PRCS firings when a loaded arm is being 
moved. In general, this does not impact PEP operations si r Nost maneuvers 
are very low rates (Spacelab 2, which uses frequent pitch ^ ^"ers, is lim- 
ited to 0.25 deg/ sec) through large amplitudes. Hence, time can be available 
during a coast period to allow arm movement to its new operating position. In 
some cases, notably Spacelab 2, which primarily maneuvers about a POP axis, 
changing the array position can be accomplished with the PEP gimbal system. 

In changing the PEP array position in response to Orbiter maneuvers, proce- 
dures are generally identical to those previously discussed. Point-to-point 
movement of the RMS will be controlled by validated software and visually mon- 
itored by two operators using independent means (direct or video). RMS paths 
will be chosen to maximize tueir visibility and if constant visual reference 
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(array to Orbiter) by both operators cannot be maintained, the array will be 
retracted prior to movement. Similarly, if the motion involves a new RMS posi- 
tion that cannot be accurately checked by other visual means (in addition to 
joint position feedback display), the 180 degree wrist rotation visual sweep 
will be accomplished. In this regard, it will not be necessary to retract the 
array prior to this safety check because wrist camera field of view will be 
sufficient to allow collision avoidance if the array path is obstructed. 

To summarize, the MDAC approach to collision hazard elimination involves maxi- 
mun use of existing Orbiter/RMS equipments combined with crew capability to 
avoid expensive automated avoidance systems. It features: 

A. Strict adherence to RMS operations protocol. 

B. Use of existing RMS automation to reduce probability of operator 
error . 

C. Redindant crew monitoring by independent means of all critical RMS/PEP 
operations. 

D. A positive means of verifying safety of the PEP array/ operating posi- 
tion independent of (and redindant to) RMS instrunentation. 

E. Use of existing RMS audible alarm to indicate any inadvertent movement 
of the RMS from the verified PEP operating position. 

F. An array gimbal pointing system that fundamentally fail safe, i.e., no 
combination of electromechanical failures (other than primary structure), can 
cause a collision. 

2.23 EVA OPERATIONS 
Objective 

Assess the need for EVA to support PEP operations and any EVA restrictions due 
to an installed PEP. 

Conclusions 

No new routine EVA tasks are required in support of PEP; however, EVA may be 
utilized to correct PEP failures which would result in a safety hazard. The 
PCP installation does not violate EVA guidelines nor place any undue restric- 
tion on existing EVA keepout areas. 

Tho asp ts of EVA were considered in the design of the PEF. First, design 
criteria were considered which were necessary to enable an EVA crewman to 
perform PEP manual tasks such as latching/ unlatching deployment/ retraction. 
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maintenance, and visual cueing for the RMS operator. These tasks can be con- 
sidored for either planned or unscheduled classes of EVA. Contingency EVA 
includes tasks required to effect safe return of crew such as jettison assist. 

The second aspect of EVA design criteria considered relates to designing the 
PEP to be compatible with EVA tasks which might be carried out for both PEP 
and other Orbiter systems or payloads. This criteria precludes damage to PEP 
by EVA crews and also ensures unimpaired crew performance and safety during 
EVA. Types of EVA compatibility criteria includes avoidance of exposed edges, 
corners and protrusions, inclusion of handholds and translation devices and 
design to withstand crew kickoff loads. A key document for EVA design consid- 
erations is, "Shuttle EVA Description and Design Criteria, JSC-10615." 

The PEP design must also consider the EVA reserved areas which ensure a corri- 
dor for the EVA crewman to access critical areas in the cargo bay. These stay- 
out areas are given in "Space Shuttle System Payload Accommodation," 

JSC-07700, Volume IV. Installation of the PEP in the payload bay must not pre- 
vent crew translation in the reserved envelopes. 

Table 2.23-1 presents a summary of the EVA tasks and design considerations for 
the three classes of EVA. Also noted are the items where a design criteria has 
been included in the PEP design. As can be seen from the table, EVA design 
provisions have been included for all EVA tasks and considerations except 
planned EVA on the PEP. No normal planned PEP EVA tasks are planned due to the 
ease with which automatic providions could be provided and because the rela- 
tively long EVA time, about 12 hours of EVA-related time, would be required 
for each mission for manual deployment/ retrieval of the PEP. Due to the rela- 
tively large number of planned missions (80), the accumulated crew EVA time 
would ’• e large, thereby meriting an automated approach. 

Design criteria are incorporated to allow unscheduled and contingency PEP 
operations by EVA. Also included are design criteria for non-PEP tasks. Crite- 
ria is included for EVA compatibility for all EVA classes. 

EVA envelope considerations were addressed by compering PEP stowed volumes 
with EVA-reserved envelopes. The results are shown in Figure 2.23-1 in the 
form of two view overlays. No EVA reserve envelope intrusion occurs for 
airlock inside and MMU requirements. The PRCA cross beam intrudes into the EVA 
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Table 2.23-1. EVA Design Considerations for PEP 


EVA class 

PEP 

task 

EVA 

task/ consideration 

Incorporation of EVA 
design criceria 

Planned 

X 

Latch/ in latch 

None 


X 

Deploy/ retract 

None 


X 

Maintenance 

Ncne 



EVA compatibility 

Yes 



EVA envelope intrusion 


Unscheduled 

X 

Latch/ unlatch 

Yes 


X 

Deploy/ retract 

Yes 


X 

Visual cue 

Yes 


X 

Maintenance/repair 

Yes (limited) 



EVA compatibility 

Yes 



EVA envelope intrusion 


Contingency 

X 

Jettison assist 

Yes 



EVA compatibility 

Yes 



EVA envelope intrusion 

Yes 
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envelope for the airlock above tunnel adapter, Figure 2.83-1. This is a slight 
intrusion and in a somewhat hidden area which should not affect crew EVA along 
the top of the tunnel. The ADA does obstruct the path across the tunnel when 
not deployed. Two options are possible to obviate this requirement. The first 
option is to deploy the ADA from the bay to allow crew translation to the 
Spacelab. The second option is to provide a translation route and aids over 
the top of the ADA. Either of these options apDears feasible since this route 
is required only for bay doors open conditions wherein the Spacelab scientific 
airlock deploys or may deploy experiments outside the dynamic envelope, or 
deploys other experiments requiring EVA. 

Airlock outside requirements. Figure 2.23-1C, results in the PRCA cross-beam 
intruding into the EVA envelope. A route 44 inches wide (112 cm) exists 
betwe' . the cross-beam and the airlock. This is four inches (10.1 cm) less 
than the 48-inch (122 on) reserved envelope, but it is larger than the 40-inch 
(102 cm) hatch openings. A 40-inch (102 cm) minimun corridor for straight line 
translation is given in JSC-10615. Therefore, it appears feasible for the EVA 
crew to translate between the PRCA cross-team and the airlock. 

A second option for airlock outside configuration is to shift the EVA route in 
the -Y coordinate direction so the EVA crewmen pas3 the side of the airlock 
and between the sill area. This is a slightly more devious route, but the full 
48 inches (122 cm) would be available for crew translation. 

The ADA intrusion into the EVA reserved volune is slight and this intrusion is 
overridden by the PRCA considerations. 

Conclusions to the study to compare PEP stowed volume intrusions into EVA 
envelopes are two-fold, (1) EVA envelopes are restricted by PEP equipment but 
general EVA guidelines are not violated, and (2) alternate routes are availa- 
ble for configurations where serious intrusions exist. 
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1.0 INTRODUCTION 


This report contains details of the proposed cable 
handling system designed to transmit power from 
the Power Extension Package (PEP) to the Orbiter 
by way of the Shuttle Remote Manipulator System 
(SRMS) . The design has been based upon earlier 
design concept studies outlined in SPAR-R.928 
(Power Extension Package Power Bus Study). Some 
changes to the basic design concept were found 
necessary during the design process, and are 
illustrated in the following report. 
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2.0 REQUIREMENTS 


The following requirements were given by McDonnell 
Douglas . 

(a.' PEP power bus will be six pairs of #0 
Superflex cable. 

(b) RMS with power bus attached will be capable 
of performing other "Manipulator" tasks when 
not employed in conjunction with the PEP. 


-i 


(c) Reduction of Rhs capabiliv due to attachment 
of the power bus will be minimized. 

(d) RMS with attached power bus must be 
compatible with all corfiguratic is of 
Spacelab modules and pallets. Other 
intrusions into the payload volume may be 
considered . 


(e) A Spar Standard End Effector will be used to 
attach the PEP to the RMS and the Special 
Purpose End Effector wiring will be utilised 
to transmit PEP signals and gimbal power. 

(f) The RMS power bus will terminate at the 
voltage regulators mounted on the PEP 
equipment beam. This is at (approximately) 
Orbiter stations: 

X = 665 

Y = + 70 
Z = +420 

(g; An emergency SRMS/Orbiter disconnect will be 
prov ided . 

(h) Design will consider (a) means of crossing 
RMS/PEP interface (b) ways to cross ail RMS 
joints (c) cable retention at RMS/Orbiter 
interface . 
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In addition, the following assumptions have 
been made. 

(i) The tine between the deployment and retrieval 
of the PEP will be of the order of a few 
orbits. Each orbit is assumed to take 
approximately 90 minutes. 

Consideration has been given to tne case 
where the PEP is required to be active tor a 
time considerably greater than that above. 

(j) T a remote manipulator when deployed will 
ha.e the power "off" and brakes "on". The 
temperature control system will normally be 
"off- . This is to eliminate any power drain. 
The temperature measurement which requires 
the 0&C panel to be switched on will be 
carried out at predetermined intervals of 
time . 

The zi mperature control system will be 
switched to automatic under the following 
conditions (determined by operational 
i-rof iles) : 

i) Low arm temperature could produce 
damage 

ii) Prior to activation of the arm 

(k) Tne power bus design is such that minimum 
modifications to the present Remote 
Manipulator System baseline design are 
required. 

(l) The intention of the design of the power bus 
is to minimize its mass therenv ensuring that 
the induced loads on the arms are also 
minimized. The effect of the increased 
inertia of the arm due to the additional 
cable harness has been considered. 


1 




(a) The power loss along the ‘ower bus must be 
minimized to maximize the power available to 
the orb iter from the PEP. 

(«) The operation of the remote manipulator wrist 
roll joint is to be considered as a back-up 
for a failure of the PEP array gimbals. 
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3.0 STATEMENT OF COMPLIANCE OR DEVIATIONS 

3.1 Reference 2.0 (a). Complies to requirements. See 
also Section 7.2 

3.2 Refer*- ice 2.0 (b) and (c) . Reductions to SRMS 
capability due to attachment of PEP power bus is 
as fol'ows: 

3.2.1 Wrist Roll - restricted to +180° rotational 
travel, possibility of full +447° provided manual 
disconnect at wrist electrical comp/wrist roll 
joint is acceptable (requires EVA). 

Layouts indicate that the major restriction 
preventing further rotational travel of the wrist 
roll joint is the location of the connector box 
situated on the upper surface of the electronics 
housing. However, future development models may 
prove an increase in the +_180° rotational travel 
possible 

At the present stage, no other joint articulation 
restrictions are indicated. 

3.3 Reference 2.0 (a). 

3.3.1 Shoulder joint. Additional envelope required to 
accommodate PEP Power Bus, reference layout 
31221L2. 

3.3.2 Wrist pitch/yaw joint - additional ervelope 
required to accommodate PEP Power Bus, reference- 
layout 31221L3. Another design configuration 
being considered would require additional envelope 
on the payload side of the wrist pitch joint. 

This is illustrated on layout 31221L4. 

3.3.3 Wrist Roll Joint - stowed condition of arm 
requires additional envelope. See layout 31221L1. 
Operational envelope to accommodate +180° rotation 
of cable. 
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3.3.4 All other increased envelope requirements are 
illustrated on layout 31221L4 and 31221L5. 

3.4 Reference 2.0 (e). 

See Section 6.1 (PEP Gimble Power). 

3.5 Reference 2.0 (f). (For information only). 

3.6 Reference 2.0 ( 9 ). 

The arrangement shown on layout 31221L2 
illustrates a three connector interface between 
the SRMS and the orb iter. This arrangement 
considered emergency disconnect to be provided in 
a similar manner to the existing SRMS system (i.e. 
pyrotechnic guillotine). In future design work, 
cons deration will be given to provide emergency 
release using in-flight electrically released 
connects as per very recent discussions with 
McDonnell Douglas. 


3.7 

Reference 2.0 (h) . 

Compl les . 

See layouts. 

3.8 

Reference 2.0 ( 1 ). 

(Used for 

Analysis) . 

3.9 

Reference 2.0 (j). 

Compl ies . 


3.10 

Reference 2.0 (k). Complies, 
layouts 31221L1 through S. 

Reference design 

i.ll 

Reference 2.0 ( 1 ) . 
8.0 and 9.0. 

Compl ies . 

Reference Sections 

3.12 

Reference 2.0 (m) . 

Compl ies . 

Reference 


Electrical Analysis 

. Section 

6.2. 

3.13 

Reference 2.0 (n) . 

Compl ies . 

Refer to 4.7. 
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4.0 PROPOSED CABLE HARNESS DESIGN CONFIGURATIONS 

4.1 General Arrangement SRMS/PEF Power Bus 

Design layout 31221L4 illustrates the basic 
proposed cable configuration throughout the total 
length of the SRMS. This has been used as a basis 
for all electrical and thermal analysis specified 
in this proposal. 

Wherever practical, the powerbus has Deen routed 
on the payload side ol the SRMS to provide access 
during installation and removal. All cable clamps 
and fittings will be configured to facilitate this 
requirement. Routing cf cables under existing 
SRMS equipment which would prove inconvenient 
during installation or removal has been avoided. 

4.2 Shoulder Yaw Joint Cable Harness 


The shoulder yaw joint caole harness configuration 
is illustrated on the design proposal layout 
number 311221L2. Cable handling to accommodate 
the +180° rotational travel of the shoulder yaw 
joint has been based upon the existing methods 
used for the SRMS shoulder joint cable system. 

From the orbiter/SRMS interface situated at the 
connector box forward end, the cables are routed 
across and clamped to tl~e connector box cover in a 
flat configuration to a point where they are split 
into two discrete bundles. Each bundle of six 
c;*bles is looped in a similar manner to the 
existing cable harness and is routed approximately 
parallel to it. 

Each bundle is securely clamped at the pitch/yaw 
interface flange by a split clamp fitting. The 
split '-'amp fitting clamps against a bushing into 
which ill the cables have been potted. The 
insulation on each cable is etched for a length 
necessary to ensure adequate keying in the potting 
compound. The six cables are controlled to 
maintain a bundle configuration by a beta cloth 
sleeving . 
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4.3 Shoulder Pitch Joint Cable Harness 


From the joint yaw/pitch interface flange, both 
bundles run parallel to the existing SKMS wiring 
harness over the pitch joint and are clamped to 
the connector bracket. The cable bundles are then 
configured as shown on layout 31221L4. Again, 
beta cloth sleeving will be used to maintain cable 
configuration for the pitch joint section of the 
harness. 

4.4 Elbow Joint Cable Harness 


The elbow joint cable harness has been based upon 
the present SRMS Cable Handling design principles, 
but located on tl.j opposite side of the arm. This 
will minimize EMC interference with the existing 
SRMS signal wires. Wherever possible, the wire 
arrangement will be such to maximize heat 
dissipation. This cable system is illustrated on 
design layout 31221L4. 

4.5 Wrist Pitch Joint Cable Harness 


The wrist pitch joint cable harness general 
arrangement is illustrated on design layout 
31221L3. The cables ere arranged along the wrist 
electronic housing in an open configuration, and 
are clamped in the area between the wrist pitch 
joint forward flange and joint rotational axis on 
the outboaro side. (An alternative arrangement to 
mount ti:‘. cade Harness on the inboard side is in 
process. This will eliminate tight envelope 
problems and facilitate installation and removal 
of power bus with SRMS installed in the orbiter) . 
At the clamp exit, a cable transition converts the 
arrangements to a double radial layer, six cables 
wide, to accommodate joint articulation. A 
fibreglass guide, mounted to the joint, controls 
the required cable harness configuration ensuring 
clearance on other equipment during joint 
rotational travel. At the aft end of the wrist 
pitch joint., the harness is formed into an "S" 
a**rangement which is maintained by a guide and 
clamps. This configuration provides sufficient 
cable length to accommodate full joint rotational 
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travel. The "stepped” cable arrangement on the 
upper bend is necessary to provide clearance at 
maximum wrist yaw. 

4.6 Wrist Yaw Joint Cable Harness 


The wrist yaw joint cable harness general 
arrangement is shown on design layout 31221L3. 

From the wrist pitch joint aft cable clamp, the 
cables are routed under the arm to the wrist yaw 
joint, and are clamped forward of the yaw joint 
rotational axis. The cable harness arrangement is 
identical to the wrist pitch joint configuration, 
but terminates at the bushing provided for the 
wrist roll cable harness system (Reference Section 
4.7). 

4.7 Wrist Roll Joint Cable Harness 


Due to the nature and size of the power bus, it 
was found necessary to restrict the rotational 
travel of the wrist roll joint to +180° (Refer to 
3.2.1) (from the stowed position). Any 
substantial increase in rotational travel 
requirements would necessitate major redesign of. 
the arm in this area, and would require 
considerable increase in static and dynamic 
envelope constraints. 

The rotational restriction resulted in many 
advantages in other aspects of the design. These 
are as follows: 

i) Minimal cable length reduces inefficiencies 
and weight. 

ii) Proposed configuration enables power cables 
to be clear of Electronics Compartment, 
thereby eliminating potential thermal 
problems. 

iii) Exposure of Existing Electronic Compartment 
radiation areas are maintained, again 
eliminating thermal problems. 
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iv) Enables power cables to be separated from 
ex..-ing SRMS cabling, thus reducing 
electrical EMC problems. 

v) Minimal impact on existing thermal blankets. 

vi) Minimal impact on ICD envelope restrictions 
in critical areas (i.e. radiator, bay door 
and payload area) . Note - envelope increase 
is required as shown on layout. 

vii) Enables previously proven and accepted cable 
handling systems concept to be employed 
(i.e., the proposed wrist roll cable system 
configuration is basically identical to that 
of the present SRMS shoulder yaw joint. This 
system has been subjected to both thermal 
vacuum and vibration testing, and has been 
accepted at the Critical Design Audits and 
Reviews (CDR and CDA's) attended by JSC, 

NRCC , Rockwell and Spar personnel). 

The general configuration of the wrist roll cable 
harness is illustrated on layout no, 31221L1. The 
harness comprises a looped cable captured in two 
locations. At these locations, the insulation of 
each cable is etched and potted in a strain relief 
bush which in turn is clamped to fittings attached 
to the joint flanges. The cables are allowed 
relative freedom of movement during joint 
rotation, but are controlled from total freedom by 
a helical spring housing. Direct contact between 
the cables and spring housing is prevented by a 
loose beta cloth sleeve. 

A similar sleeve covers the helical spring to 
provide a smoother outer surface Control of the 
complete harness assembly during vehicle launch 
and re-entry is provided by a hood assembly 
attached to the forward cable fitting. During 
operation, the cable harness a^ .■°mbly rolls into, 
or "out of" the hood assembly depending upon its 
position and direction of rotation. 

Not illustrated on the design layout is the 
provision to restrict the joint rotational travel 
to ^180° when the power bus system is installed. 
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It is expected that this will be controlled by 
limit switches which would include back-up; but 
not to incorporate a mechanical limit stop 
system. 

A variation on the proposed design has been 
considered which wou’d provide a manual cable 
disconnect at the art end of the electronic 
compartment. This would be used if SRMS operation 
is required without the PEP System, but would 
require extravehicular activity (EVA). The full 
rotational travel of +447° would be available with 
this arrangement. Further evaluation of this 
proposal would be necessary if this becomes a 
desirable feature. 

4.8 End Effector Cable Harness 

The End Effector portion o^ the power bus has been 
routed on tne inboard side and clamped to the end 
effector as snuwr. on layout 31221L4. From the 
wrist roll cable system beneath the SRMS, the 
cables are routed around the wrist roll joint to a 
position which enables a flat configuration to be 
utilized. The power bus then terminates at the 
connector assembly (shown on layout 31221L5). 
Additional envelope wil) be required in these 
areas and is shown on design layouts 31221L4 and 
31221L5. 

4.9 Arm Boom Cable Harness 


Cable routing across the arm booms has been 
configured in a flat, low profile arrangement 
wherever possible. This arrangement has been 
selected to maximize neat dissipation and to 
maintain a low profile to minimize envelope 
violations. Cable clamp arrangements are 
illustrated on layout 31P21L4. It has beer 
assumed that cable clamp mounting to the boom? 
will be similar to existing SRMS cable clamp 
arrangement. 

Beta cloth sleeving will be used throughout to 
protect the cables from external h._at. Reference 
Section 5.0. 
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4.10 Electronic Compartment Cable Harness 

Cables spanning all electronic compartments have 
been configured to maintain a flat, low profile 
arrangement wherever possible. The main 
constraints in these areas are radiation panels 
running axially across the electronic compartments 
which if covered, would create considerable 
thermal upset of the SRMS electronics. For this 
reason, these areas have been avoided. 

Beta cloth sleeving will be used throughout to 
protect the cables from external heat. Reference 
Section 5.0. 

4.11 Orbiter/SRMS Power Bus Interface 

The interface connection from the Orbiter cable 
system to the power bus attached to the SRMS is 
illustrated on layout 311221L2. It comprises 
three individual 4 pin connectors mounted to a 
bracket which in turn is mounted directly to the 
forward face of the connector box. The cables 
will exit the mating connector sockets in a loop 
configuration to ensure that access to the SRMS 
wiring connector fuses is maintained (i.e. the 
loop will provide sufficient flexibility to enable 
the cables to be displaced sideways, thus 
providing clear access to the fuses. From the 
loop configuration, the cables are "fanned" into a 
flat arrangement across the top of the connector 
box cover to provide a low profile. This is 
necessary to ensure that no interference exists 
between them, and the moving section of the cable 
harness. The cables are thermally isolated from 
the connector box cover using fibreglass washers 
under the cable clomps. 

The selection of the three individual connectors 
was based upon the following considerations: 

i; Availability - selection of a “standard" 
connector as opposed to a "special" 
arrangement increases reliability and reduces 
cost. 
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ii) Handleabii ity - considerably less effort 
required to connect a 4 pin arrangement than 
a 12 pin. This improves serviceability. 

iii) Smaller wire bundles provide greater 
flexibility for further cable routing. 

Alternative to the above outlined 
conf igurations , a two connector arrangement 
which also provides emergency disconnect 
within the connector assembly will be 
considered. This arrangement would eliminate 
the necessity to upgrade the present 
pyrotechnic guillotine for emergency. 

4.12 S RMS/PEP INTERFACE CONNECTION 

4.12.1 Design Considerations 

The design selected for the SRMS/PEP interface 
connection was based upon the following 
considerations : 

i) To provide automatic power bus connection 
after full grapple of the P.E.P. system 
thereby eliminating potential alignment and 
subsequent damage problems. 

ii) To eliminate "couples" during automatic 
connection thus preventing potential 
"jamming" problems. 

iii) To provide an alignment system that does not 
rely upon a high parallel accuracy, again to 
prevent "jamming", 

iv) To provide a system that minimizes thermal 
differential affects. 

v) To use existing or similar hardware to that 
used on the present SRMS system. 

4.12.2 Design Description (Connector Half Assembly - 
Driven) 

The connector design <. .nfiguration illustrated on 
design layout No. 31221L5 shows a one piece 
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aluminum housing machined to accept two inserts. 
The inserts are machined to suit the configuration 
of a - ' ze 4 connector contact. Each insert 
contains C contacts, suitable for a No. 6 AWG 
wire. 

A master location pin is securely afixed into the 
housing, and is located on the geometic center of 
the connector half assembly. The primary function 
of the locator pin is to provide alignment of t.ie 
connector halves, but is also used as a slide rail 
on which the connector is guided during mating. 
Secondary alignment between connector halves is 
made by a pin protruding from the outer edge. 

This pin locates a slot on the mating connector 
housing, and avoids the high degree of parallel 
accuracy required if the two straight location pin 
methods would be used. 

Both location pins ensure full alignment before 
mating of the electrical connector contacts. 

The connector half assembly is suspended by the 
master pin, and is supported by two linear bearing 
bushes mounted to the frame. The distance between 
the bearings is sufficient to provide full linear 
movement during connector mating. 

Rotation of the connector about the master pin is 
prevented by a pin and groove system •* ' ‘‘••/.ted c:» 
the outer edge of the housing. This s was 

selected to minimize thermal differ' . . . affects 

and prevent potential "jamming". 

Actuation (or mating) of the connector, as". is 

accomplished by a modified version of ch :>er 

orace linear act; ator mechanism. To pr*. 

"coupling" effect, the axial load prodne >y the 
linear actuator is applied directly to the master 
pin. 

4.12.3 Design Description (Connector Half Assembly - 
Fixed ) 

The mating half of the connector is configured to 
provide a small amount of flout in the plane 
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required for alignment during connector mating. 

The alignment accuracy between the grapple fixture 
attached to the PEP package, and the end effector, 
together with locational accuracies of the 
connector mounting will determine the alignment 
capacity necessary within the connector assembly. 

For neatness of design, it is expected that the 
driven conne^^ a mbly will be mounted to the 
PEP system s and the » ting half the SRMS End 
Effector. Th’s system would eliminate une 
necessity of additional wiring to the end 
effector, -he connector drive and signals being 
supplied to the PEP system via the existing "SPEE" 
connector. The other advantage of this 
configuration is th*' necessary increases in SRMS 
dynamic envelopes will he minimized. 

The design will provide a male pin connector rn 
the End Effector, and female on the PEP system. 

It is assumed that the cable shown at the exit 
from the driven connector half assembly, and which 
is attached to the PEP, can be configured as 
illustrated on layout 31221L5. Note cable lfngth 
al -*wance to accommodate the connector linear 
travel . 
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5 . 0 THERMAL DESIGN CONSIDER* . IONS 

5.1 Thfcrnal Analysis 

Detailed thermal math models of the various cable 
conf durations have been made and analyzed for a 
number of cases. This section refers to the 
thermal design and also summarizes some of the 
analyses performed. 

5 . 2 Thermal Design 

5.2.1 Summa. , 

(a) Summary of Design 

The PEP cable bundle shall employ passive 
thermal control to the greates". extent 
practicable. A low o< , high £» finish 
shall be utilized to reduce the impact of 
solrr energy and allow as cola a cable 
harness as possible. 

’’t operational constrains and the mission 
ofile are such that passive means cannot be 
utilized to ensure adequate cable 
temperatures then the design may «e augmented 
by heaters and thermostats. 7t is considered 
unlikely that such devices will need to be 
employed. 

(b) Summary of Design Requirements 

1. To maintain the PEP cable at as low a 
temperature as possible during power 
transfer. 

2. " maintain the PEP cable at a 
temperature to ensure sufficient 
flexibility of the cable harness during 
RMS deployment. 
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| 5.2.2 Design Considerations 

The thermal design of the PEP RMS mounted 
equipment must be such that the cable harness 
. temperature is maintained as low as possible under 

the worst environmental conditions and maximum 
power dissipation in the cable harness, in order 
to reduce the power losses and maintain the cable 
within its design temperature range. The thermal 
design must also ensure the cable harness does not 
become so cold that either the design range of the 
cables are exceeded or that the cable is so cold 
that the stiffness of the cable bundle is so high 
that the bundle flexibility prevents proper 
operation of the RMS joints. 

5.2.3 Configuration 

The configuration considered consists of the 12 
cables #6AWG attached to the RMS via penetrations 
in the thermal olanket. Thus the cables are 
supported outside the RMS blankets and are exposed 
directly to the space environment. 

The cables are spread as much as possible into a 
12 x 1 arrangement, however, near the shoulder and 
wrist pitch and yaw joints a 2 x 6 arrangement is 
required, at the roll joint a 3 x 4 cable bundle 
is required. See Figure 5.1-1. 

5.2.4 Design Cases 

The following mission profile must be accommodated 
by the thermal design. The critical design driver 
cases are identified. See Figure 5.2-1 and 
5.2-2. 

(a) Pre Launch 


During pre launch the cargo bay is purged by 
conditioned dry gas and thus presents no 
problem thermally. 


c 
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DEMONSTR/.TES POSSIBLE USE OF HEATERS TO MAINTAIN THE CABLE 
TEMPERATURES PRIOR TO AND DURING RMS DEPLOYMENT. 
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(b) Launch 

During launch the cargo bay air expands and 
its temperature falls as the pressure falls. 
However, due to the large thermal inertia of 
the cable harness this is not considered a 
significant design case. 

(c) On Orbit Cargo Bay Open - Stowed 

After orbit acquisition, the cargo bay doors 
are opened and the RMS and PEP cables are 
exposed to the space environment. The 
temperature of the PEP cables depends on the 
orbit and attitude acquired, the view factors 
to space, to the orbiter and to the payload 
in the cargo bay. 

The thermal design shall be such that by 
selection of a low ot and high & finish 
on the cable harness, the hot case attitude 
and orbit (top sun, side earth £ = 90°) shall 
be accommodated by passive means. 

The cold case orbit and attitude (bottom sun 
tail earth ^ = 90°) will result in low 
temperatures in the cable harness. If such 
low temperatures would result in an 
unacceptably stiff cable bundle then heater 
provisions would be made to prevent such low 
temperatures, if the thermal inertia of the 
cable bundle was inadequate. An alternative 
means of increasing the cable bundle 
temperature is to thermal condition before 
RMS deployment by a barbeque mode or m?ve to 
a hotter attitude. 

(d) On Orbit - RMS Deployed 

When the RMS is deployed, the cable must be 
warm enough to flex adequately. If, prior to 
deployment, the means of achieving suitable 
temperatures is passive then the inertia of 
the cable bundle and attitude of the RMS 


\ 



shall be such that the cable maintains its I 

flexibility until the power transfer phase. 

This may be achieved by heating of the cable 
above its minimum temperature prior to \ 

deployment and allowing it to cool down > 

during this period. See Figure 5.2.1. 

If active thermal control was employed, then 
heaters would maintain suitable temperatures 
in the cable bundle. Ses Figure 5.2.2. 

(e) Power Transfe r 

After the PDP has been activated, the power 
transfer via the cable harness is 32kW at 
120V. 

During this phase, the cables will obviously 
warm up due to their power dissipation, the 
operating time and thermal inertia of the 
cables is such that the steady state 
temperatures of the cables must be designed 
for. 

In order to lower the temperature of the 
cables as much as possible a high emittance 
surface finish is proposed to the cable 
bundles, and to reduce the effect of incident 
solar finish a low absorbtivity surface is 
proposed . 

Such a space qualified material, which also 
provides a suitable flexible finish to the 
cable bundle, is beta cloth. aC - 0.32 

& = 0.9 

Initial calculations indicate cable 
temperatures as shown in Figures 5.2-3 to 
5.2-8. Figures 5.2-3 to 5.2-5 show the 
variation of steady state temperature with 
cable current. Figures 5.2-6 to 5.2-8 show 
the transient response of the cables to both 
switch on and cool down conditions. From 
these curves, the temperature response to 
power profile can be estimated. 
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From these figures , it can be seen that the 
effect of cable bundling significantly 
increases the inner cable temperatures and is 
therefore avoided as much as possible in the 
cable harness design. 

( f ) Stowage of RMS and PEP 

During this phase the PEP cable harness 
transfers no power and merely cools down as 
the RMS is deployed to stow the PEP and the 
RMS itself is stowed. This is not considered 
a design critical phase. 

(g) Stowed RMS as Phase (c). 

(h) Re-Entry 

During re-er y, the PEP cables will be 
exposed to a hot or cold carno bay, however, 
the inertia of the cables should prevent 
excessive temperature excursions during this 
transient period and therefore this phase is 
not anticipated to be design critical. 

5 . 3 Conclusion 

It has been shown that the temperatures of 
enclosed cables under full sun conditions 
potentially can De high. In detailed design 
considerations, this will need to be carefully 
considered so as to ensure these conditions will 
be accommodated. 

It has also been shown that the temperature 
gradients through the single cable bundle are 
rather high. This is party due to the 
simplification: i 1 the analysis, i.e. no account 
of the stainless steel spring at the roll joint 
was included. 

A more detailed analysis will be made at a later 
date. 
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6.0 ELECTRICAL DE S IGN CONSIDERATIONS 

The electrical details with respect to the PEP 
Gimbal Power, used for the Attitude and 
Orientation, will be discussed below in Section 
6 . 1 . 


6.1 


The main electrical factors of the actual Solar 
Array Power Transmission of the PEP, along the 
SRMS, will then be explainel in Section 6.2, while 
a brief discussion relating to a possible slip 
ring concept is given in Section 6.3. 

PEP Gimbal Power 

The solar array assembly, carried by the SRMS, 
requires electrical power for the deployment and 
orientation. 

The wiring available between the receptacle JiOl 
of the SRMS, which is connected to the main 
28Vd.c. orbiter power, and the receptacle J411 at 
the End Effector will be used. From Figur* 6-1 we 
not ' that there are seven No. 22 A.W.G. leads in 
parallel along the SRMS, while the End Effector 
carries two No. 20 A.W.G. in parallel. 


Since the seven leads are fused with 5A each, the 
total available current to the PEP Gimbal Power 
cannot exceed 5x7= 35A. The orbiter voltage at 
J101 will be 28+4V. The lead resistance, forward 
and return, of the complete wiring, as shown in 
Figure 6-1, at the highest predicted temperature 
of 70°C, will then be: 


#22 A.W.G. : 
#20 A.W.G. : 


1 0.01614 
7 

= 0.00276 

1 0.01015 

2 

= 0.00608 


11 + 0.00397 
ohms/ foot 
(1 + 0.00397 
ohms/ foot 


(70-20)] 

(70-20)] 
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The total resistance at 70°C for 62.5 feet within 
the SRMS, and 2 feet within the End Effector will 
be : 

0.00276 (62.5+62.5) + 0.00608 (2+2) » 0.369 ohms 

The continous maximum available current is 
2 x 5.63 * 11. 3A limited by the two #20 gauge 
wires in parallel. 

Therefore we have: 

24 - 11.3 x 0.369 = 19.8V minimum 

28 - 11.3 x 0.369 = 23.8V nominal 

32 - 11.3 x 0.369 = 27.8V maximum 

Any electrical equipment then, related to the 
Gimbal Power and its Attitude and Orientation must 
be designed to operate within the above stated 
voltage limits. Furthermore, the "in-rush" 
current drain must not exceed 35A at any voltage. 
From this it follows that the available power 
cannot be expected to exceed 

19.8 x 11.3 = 224 W 

under worst case conditions; hence the continuous 
Gimbal Power, etc. must stay within that budget. 

The loss within the SRMS and End Effector wiring, 
again at worst case conditions, will be: 

11. 3 2 x 0.369 * 47 W 

6 . 2 PEP Solar Array Power Transmission 

The Solar Array Assembly, to be carried by the 
SRMS, is rated at 32 kW at 120V. The transmission 
of its electrical power will be effected by means 
of six parallel leads, each having 207 strands of 
No. 29 A.W.C., the 'fore equivalent to No. 6 
A.W.G. 
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Figure 6-2 illustrates the electrical concept, 
also identifying the receptacles at the orbiter 
end of the SRMS. 

The worst case predicted temperatures of this 
power transmission wiring are higher, since it is 
placed outside the thermal blanket of the SRMS. 

For the first 8 feet in the shoulder and the last 
10 feet in the wrist 98°C and for the remaining 47 
feet 95°C temperature is predicted. 

(Configurations #1 and #2 respectively) . 

The resistances then 


Shoulder lx 0.0003951 (1 + 0.00397 (93-20)] 
and 6 

Wrist : = 0.00008624 ohms/foot 


Rest of 

SRMS: lx 0.0003951 U + 0.00397 (95-20)] 

6 

= 0.00008545 ohms/foot 


from which we can calculate the total power 
transmission resistance to be 


0.00008624 (8+8+10+10) + 0.000C8545 (47+47) = 
0.01114 ohms 


Returning now to the solar array itself. This is 
rated at 32kW and 120V, which relates to a current 
of 


32000 = 267A 
120 

The available voltage and power at the orbiter is 
then 


120 - 267 x 0.01114 = 117V 


and 




PKAA/SAI/SS/OA' pSTAt/. $ 
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117 x 267 = 31.2 KW 
respectively . 

The power loss within the PEP Power Transmission 
wiring will then be 

2 

267 x 0.01114 = 794 W 

The losses in the connectors will have to be added 
to this. Voltage drop is listed at 38mV at 110A 
test current which is assumed to reduce to 

30mV at 267 A = 44 . 5A/contact 
6 

The power loss at the three connectors with a 
total of twelve size 4 contacts at the orbiter end 
will be 

0.030 x 44.5 x 12 = 16W 

The total power loss of the PEP Transmission, not 
considering the actual solar array connections, 
would be 

794 + 16 = 810W 

or 

810 = 2.6% 

31200 

6.3 EMC Considerations 


The PEP power bus will be routed as far as 
practical from the Manipulator Arm (MA) cable 
harness and from the electronics units mounted 
within the arm. In order to minimize magnetic 
fields coupling the 12 power bus lines will be 
laid out in pairs, each consisting of a positive 
line and a return line. Twisting of wire pairs 
will not be employed as wire size (AWG #6) 
prohibits it. 
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The Elbow and Wrist-Y/P flexible sections of the 
PEP harness will be routed opposite to the arm 
harness while the Wrist-Roll harness will be 
routed external to the joint. Cable separation in 
the Shoulder-Y/P flexible section cannot be 
achieved due to mechanical constraints. At this 
section, the harnessess will be laid out side by 
side. Magnetic field coupling from the PEP 
harness to the MA harness at the shoulder, has 
been analyzed based on the following preliminary 
data received from McOonnel Douglas: 

(a) PEP bus current ripple - total amplitude of 5 
Amps peak to peak 

(b) Low frequency ( is» 70 Hz) ripple - 4 amps peak 
to peak 

(c) High frequency ( 20 KHz) ripple - 1 amp 
peak to peak 

It was concluded that the coupled noise will not 
affect the MA operation. 
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7 . 0 MATERIALS 

7.1 General Materials 

Materials selection for the SRMS/PEP program shall 
be based essentially on che same requirements and 
guidelines as are currently being used for SRMS. 
Materials shall be selected by considering the 
operational requirements of a given application 
and the design engineering properties of a given 
material. Candidate materials shall be evaluated 
in accordance with SPAR-SG.368 "Materials and 
Processes Requirements for SRMS" and shall be 
selected from a list of rated material in 
SPAR-SG.369 "Materials and Processes Selection 
List for SRMS". SPAR-SG.369 contains lists of 
materials which have been assigned ratings by test 
or analysis in the anticipated service 
environments. The ratings which are based on NASA 
JSC 09604 "Materials Selection List" cover the 
following hazardous environments: 

corrosion 

stress corrosion cracking 
gaseous oxygen 
flammability 

thermal vacuum stability 
age life 

low pressure gaseous oxygen 

In addition, the materials used shall be 
compatible with the interfacing hardware of the 
SRMS and shall not jeopardize the functioning of 
other components. 

7.2 Power Cable Materials 

The available data related to the power cable 
materials at this time is insufficient to assess 
whether or not they are qualified for space 
applications. It has been assumed that the cables 
will be available as fully qualified items. 
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8.0 STRUCTURAL DYNAMICS CONSIDERATIONS 

8.1 Dynamic Envelope 

The increased weight of the stowed arm structure 
would result in increased sway of the arm under 
dynamic load conditions. The total weight of the 
cable system equals 103 lbs. The increase in 
dynamic sway (at the arm C/L) is estimated to be 
0.060". The static envelope available for the 
stowed arm is expected to reduce by 0.060" on 
radius (i.e. C.120* on diameter) at the arm 
centre/line. The decrease in static envelope in 
other areas is estimated to be about 13% (i.e. 
specific envelope allowances for cameras, etc). 

The above increase in dynamic envelope 
requirements will necessitate close examination in 
all areas to ascertain if there are interference 
problems. Critical areas are primarily the cargo 
bay door radiators. 

8.2 Cable Attachment 

The cable attachment chips will be designed for 
25g load on the cable for vibration environment. 
The areas along the boom where the cable harness 
bundle is split into two portions, this load 
condition would imply 24 lbs. load at each clip if 
they are 12 inches apart. The local loads in 
other areas would depend upon the cable 
configuration, location of attachments, etc. The 
design of cable clamps will be such that the local 
resonant frequencies are above 100 Hz to prevent 
interaction with arm dynamics. 

8.3 Structural Loads 


Addition of 103 lbs. of cable to the structure 
will also increase the loads in the primary 
structural elements of the arm. The increase in 
loads due to quasi-static conditions is estimated 
to be 13% while the random loads are expected to 
increase by 5%. 
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8.4 Stress Considerations 


The cable clamps and attachment bolts will be 
analyzed to the loads specified and will be 
designed to exceed the first resonant frequency 
minimum requirement. Intermediate straps will be 
required along the arm booms at a suitable pitch 
based on support strength and envelope 
requirements. The margins of safety will be 
calculated as follows: 

M.S. (Yield) = Material Yield Stress (Fty) -1.0 

Max. Working Stress x 1.0 

M.S. (Ultimate) 3 Material Ultimate Stress 

(Ftu) or Crippling Stress -1.0 
Max. Working Stress x 1.4 

Fracture mechanics analysis of known critical 
components will be performed for the new load 
spectra which will include the total number of 
S RMS/PEP missions and modifications or structural 
stiffening will be added if possible to maintain 
100 safe mission life capability. Where there is 
impractical, a waiver will be sought on total life 
requirement. 
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9.0 MASS PROPERTIES 

9.1 PEP Power Bus on SRMS 

The weight of the PEP Power Bus that interfaces 
with the orbiter at the SRMS shoulder joint and 
with the solar array system at the end effector 
total 108 lb as follows: - 

12, #6 cables approximately 70 ft. long (93 lb.) 

3 connectors (4 cables/ connector) at the shoulder 
joint interface (3 lb.) 

1 special connector (12 cables) at the end 
effector interface (3 lb.) 

Cable provisions to support the cables at each 
joint and along the length of the arm per layouts 
31221L1 through 3 (9 lb.) 

9.2 SRMS/PEP Interface Connector Assembly (Driven) 

A special connector (12 cable) at the end effector 
interface and mounted to the PEP system is 
estimated to weigh 3 lb. with additional weight 
for the lower actuator of 2 lb. for a total of 5 
lb. 

9 - 3 Grapple Fixture and Connectors 

The weight of a grapple fixture that interfaces 
with the end effector based on an existing design 
is 10 lb. 

9.4 Orbiter/SRMS Interface Connector (Ref. Only) 

The weight of 3 mating connectors (4 
cables/connector) at the orbiter interface (SRMS 
shoulder joint, required for the PEP Power Bus, is 
estimated to be 3 lb. This is not included as 
part of the PEP System Package, and should be used 
as reference only. 
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DEVELOPMENT AND TEST PROGRAM 

The proposal presented in the preceding sections 
is based upon design layout studies only. To 
verify the feasibility of a design of this nature, 
an extensive development program will be necessary 
whereby representative cable configurations and 
materials will be used. Fully working joint 
mockups will be required to determine cable system 
handleabil ity . 

Until such a program has been undertaken, it can 
only be assumed that the proposed methods of cable 
handling will satisfy the requirements. 

Further to the development program outlined above, 
a comprehensive environmental test program will be 
required. Thermal vacuum (including operational 
cycling on simulated SRMS joints) and vibration 
testing of critical areas will be necessary to 
reduce system failure risk. 

Fully detailed thermal and structural dynamic 
analyses will be conducted to establish test 
parameters . 
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DESIGN PROPOSAL 
Design Layout # 

LAYOUTS 

Title 

31221L1 

SRMS/PEP 

Proposal 

Cable Handling System 
- Wrist Roll Joint 

31221L2 

SRMS/PEP 

Proposal 

Cable Handling System 
- Shoulder Joint 

31221L3 

SRMS/PEP 

Proposal 

Joint 

Cable Handling System 
- Wrist Pitch and Yaw 

31221L4 

SRMS/PEP 

Proposal* 

Cable Handling System 
■General System 

31221L5 

SRMS/PEP Cable Handling System 
Proposal - SRMS/PEP Interface 
Connector Assembly 
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Appendix B 


PRELIMINARY SPECIFICATION 
'•CP GIMBAL ASSEMBLY, 
SOLAR ARRAY DRIVE, 
TWO-AXIS 


McDonnell Douglas Astronautics Cocpar.y 
Huntington Beach, California 



1.0 SCOPE 

This specification defines the requirements for an electromechanical, two- 
axis gimbal assembly consisting of two direct current actuators, supports, 
bearings, electrical connectors and slip ring assembly or equivalent to 
transfer electrical power and signals across the continuously rotating 
Interface. 


1.1 Intended Use 

The gimbal assembly is to be used as part of the Power Extension Package (PEP) 
to point a large solar array at the sun during Orblter operations. 

2.0 APPLICABLE DOCUMENTS 


2.1 General 

The following documents, of the exact issue shown, or if no issue Is specified, 
the issue In effect at the date of Invitation to bid, form a part of this 
drawing to the extent specified herein. In the event of conflict between 
documents referenced here and other detail contents of Sections 3, 4 and 5, 
the detail requirements of Section 3, 4 and 5 shall be considered the 
superseding requirements. 


Specifications 

Federal 

QQ-S-571 

Military 

MIL-A-8625 

MIL-B-5G87 


MIL-3-7883 


MIL-C-5541 

MIL-C-6021 

MIL-C-27500 

MIL-M-8609B 

MIL-S-5002 


Solder, tin alloy, tin-lead alloy and lead alloy 

Anodic coatings, for aluminum and aluminum alloys 
Bonding, electrical and lightning protection for 
Aerospace System. 

Brazing of steels, copper, copper alloys, nickel 
alloys, aluminum and alunlnum alloys. 

Chemical conversion coatings on aluminum and aluminum 
alloys 

Casting, classification and inspection of 
Cable, electrical, shielded and unshielded, aerospace 
Motors, direct current, 28 volt system aircraft 
Surface treatments and metallic gatings for metal 
surfaces 
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MIL-T-1523 


MII-W-6858C 


HIL-W-8939 

MIL-W-22759 

MIL-W-81381 

MIL-W-5088 

HIL-ST0-129F 

MIL-ST0-1300 

MIL-STD-143 


MIl-STO-454 
(Requirement 5) 
MIL-STD-461A 

MIl-STD-889 
MIL-STD-1523 
NBS Handbook H2S 


Treatment, moisture and fungus resistant, of cocmiuni- 
cations, electronic, and associated electrical 
equipment 

Welding, resistance, aluminum, magnesium, non- 
nardening steels or alloys, nickel alloys, iieat- 
resisting alloys, titaniun alloys, '->ot and seam 
Welding, resistance, electronic circuit modules 
Wire, electric, fluorocarbon Insulated, copper or 
copper alloy 

Wire, polyimide Insulated, copper or copper alloy 
Wiring, aerospace vehicle 
Marking for shipment and storage 
Identification marking of U. S. military property 
Specification and Standards, Order of Precedence for 
selection of 

Standard, general requirements for electronic equipment 
(Soldering) 

Electromagnetic Interference characteristics req 
for equipment 
Dissimilar metals 

Age-sensitive elastomeric material, age controls of 
Screw thread standards for federal service 


NASA 

3 1 -E -0002 

SN-C-0005 

SP-R-0022A 

MSFC-SPEC-222A 

MSFC-SPEC-522A 

3.0 REQUIREMENTS 


Electromagnetic Interference characteristics requirements 
for equipment for Space Shuttle 

Contamination control requirements for the Space Shuttle 
Program 

Vacuum stability requirements of polymeric material for 
Spacecraft application, general specification for 
Resin systems, electrical and environmental insulation 
Design criteria for controlling stress corrosion cracking 


3.1 Item Definition 

The gimbal assembly snail be an electromechanical device which provides 2 axis 
positioning of a large solar arr^y. One axis, referred to as the Alpha axis 
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will have continuous rotation capability. Tne other axis, referred to as the 
Beta axis will have a total of 90° rotation. Electrical power circuits and 
signal circuits must be transferred across both axes. One side of the gimbal 
assezbly will be structurally attached to the solar array structure, the other 
side will be attached to a grapple fixture. During operation the grapple 
fixture will be attached to the end effector of the RMS. The control of the 
gimbal assembly will utilize a closed-loop position control servo system. 

3.1.1 Interface Definition 

3. 1.1.1 Mechanical 

The gimbal assembly mounting, axes location and envelope shall be in accordance 
with figure 1. 

3.1. 1.2 Electrical 

The gimbal assembly electrical interface shall be In accordance with figure 2. 

3.1.2 Gimbal Assy Power Requirements 

The actuators for the Alpha and Beta axis drive shall utilize D.C. power from 
the orbiter buss. The voltage range is 13 to 32 VDC. The actuators power 
drain shall net exceed 50 watts steady state. for both actuators operating 
simultaneously and including position feedback transducers excitation. With 
both actuators at stall the power drain shall not exceed 100 watts. 

3.2 Desi gn 

3.2.1 Alpha Axis Drive Performance 

3. 2. 1.1 Stall Torque _ - - - ---- 

The stall torque of the Alpha axis drive shall be 100 ft pounds minimum , 150 ft 
pounds maximum, in both rotational directions at 32 volts. 

3. 2. 1.2 Rate 

The rate of theAlphaaxis drive shall be 0.5° per second minimum at 32 volts 
with no externally applied torque load. The speed-torque relationship shall be 
linear within - 10% between stall and full rate. 

3. 2. 1.3 Feedback Position Transduc er 

The feedback position transducer may be either analog or digital. The a 
accuracy, or resolution, of the transducer shall resolve the true position of 
the gimbal witnin 1.0°. 
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3. 2. 1.4 Travel 

The Alpha axis shall have continuous rotation capability in either direction. 


3.1.2 Beta Axis Drive Performance 

3. 2.2.1 Stall Torque 

The stall torque of tne Beta axis drive shall be 1C J ft. pounds minimum* 

150 ft pounds maximum, in both rotational directions at 31 volts. 

3. 2. 2. 2 Rate 

The rate of the Beta axis drive shall be 0.5° per second minimum at 32 
with no externally applied torque load. The speed- to iv/t relationship 
be linear within - 1CJ between stall and full rate. 

» 

3. 2. 2. 3 Feedback Position Transducer 

The feedback position transducer may be either analog or digital. The 
or resolution of the transducer shall resolve the true position of the 
within 1.0°. 

3. 2. 2. 4 Travel 

The travel of the Beta axis drive shall be 90° minimum 92° maximum the 
shall be limited by mechanical stops. No limit switches shall be used 
interupt power to the actuator motor. 

3.2.3 Life Requirements 
The oimbal assembly shall be designed to provide the most cost effective life 
capability, considering minimun maintenance and refurbishment as well as state- 
of-the-art design. Upon completion of trade studies by the seller to establish 
the relationship between these evaluation items, the following life objectives 
will be changed to requirements. 

3.2.3. 1 Qperat.nq Life 

As a design objective the gimbal a sembly shall be capable of meeting the 
performance specified herein after operating for a period of 33,600 hours. 

This time is equivalent to 100 orbital missions in a 10 year period. The 
average orbital mission will be 14 days. Preventive maintenance, servicing 
repair, and replacement of parts shall be consistent with the severs trade 
study results. 

3. 2.3.2 Shelf Life 

As a design objective, the gimbal assembly shall be capable of operating in 
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accordance with the requirements specified herein any time within a period of 
10 years from date of delivery when exposed to the applicable environmentals 
of paragraph 3.3. 

3.2.4 Weight 

The gimbal assemoly weight shall be less than 40 pounds. 

3.2.5 Gearing 

The gearing required to produce the gimbal torque and motion requirements 
must be internal, permanently lubricated and sealed to prevent lubricant 
leakage externally. Relutrication will not be accomplished during the service 
life of the actuator. 

3.2.6 Bearings 

The gimbal assembly bearings shall br selected on the basis of operation at the 
maximum load and temperature conditions during vacuum operation. The bearings 
shall be permanently lubricated. Relubrication will not be accomplished during 
the service life of the actuator. 

3.2.7 Attachments 

All mechanical attachments shall be secured by suitable means to prevent 
loosening in the vibration environment of Paragrapn 3.4.3. Standard parts shall 
be used whenever they are suitable for the purpose. The materials shall be 
corrosion resistant of suitably processed to resist corrosion. Because of the 
susceptiability to hydrogen embrittlement, the use of the cadmium plated steel 
attach hardware shall be avoided where possible. 

3.2.8 Attitude 

The gimbal assembly shall be capable of operation in any attitude on the 
ground or in a zero g environment. 

3.2.S Selection of Specifications and Standards 

Specifications and standards for the identification and control of materials, 
parts, and processes of this equipment shall be selected in accordance with 
hIL-STD-143. 

3.2.10 Materials and Processes 

All materials and processes shall be compatible with the performance and environ 
mental criteria for this component. Materials and parts that conform to 
Government specifications shall be used as much as practicable. 



3.2.10.1 don-ilagnetic 

Non-magnetic material shall be used for all metallic parts except where 
magnetic parts are essential. 

3.2.10.2 Non-Metalllc Materials 

Insofar as practicable, a non-metallic item shall be resistant to lubrication 
materials, environmental temperatures and conditions, and combinations thereof. 

iion-metallic parts shall not have a corrosion stimulating effect on other 
materials when exposed to the specific useful life. Fungus nutrient materials 
as defined in paragraph 3. 3. 3. 2. 2 of MIL-T-152B shall not be used. A list of 
all non-metallic materials and their individual weights shall be provided to 
the buyer. 

3.2.10.3 Limited Life Items 

The buyei must be notified in writing whenever age critical or time/cycle 
significant item/material (limited life items) are contained in the gimbal 
assembly. These item/materials must meet the minimum service life in Para. 

2.2.3 and the “c^uirements of MIL-STD-1523. The date of installation and 
manufacture of age critical material must be noted on the shipping paper. 

3.2.10.4 Lubricants 

The use of lubricants and sealants shall require written buyer approval prior 
to use. 

3.2.10.5 Threads 

All threads shall be in accordance with NBS Handbook H28. 

3.2.10.6 Finish Requirements 

Selection of proper surface treatments, finish materials, and application 
methods shall be governed by the type of material used, environmental and 
functional design requirements, and handling and storage requirements. The 
materials and the processes used for their application shall not deleteriously 
affect the parts and shall produce satisfactory corrosion resistant surfaces. 

3.2.10.7 Fabrication Operations 

Maximum protection shall be afforded all surfaces of the item by performing 
all fabrication operations practicable prior to the application of protective 
finishes. 



3.2.10.8 Corrosion Resistant Steel 

Corrosion resistant steels shall be passivated in accordance with MIl-S-5002. 

3.2.10.9 Stress Corrosion 

All metal ic parts within the actuator shall conform to the requirements of 
MSFC-SPEC-522A. 

3.2.10.10 Qutgassinq 

The gimbal materials shall be selected for low outgassing characteristics to 
insure that any effluents do not jeopardize performance of 7)ther Orbiter/ ~~ ‘ 
Payload systems. Selection criteria shall be 1% total mass loss and 0.1% 
volatile condensable material (VCH) as defined in specification SP-R-0022. 

3.2.10.11 Dissimilar Metals 

Unless suitably protected against electrolytic corrosion, dissimilar metals, 
as defined in MIL-STD-8889, shall not be used in intimate contact. 

3.2.10.12 Potting or Encapsulation 

For general use, potting or encapsulation materials shall conform to HSFC- 
SPEC-222, op any other suitable material which is compatible with the specified 
environments may be used. 

3.2.10.13 Chemical Surface Treatment 

Apply chemical surface treatment per MIL-A-8625, Type I, Class 1, or MIL-C- 
5541, Class I, for all aluninum alloys which are to be painted or where 
maximum corrosion protection is required on surfaces not to be painted. 

Apply chemical surface treatment per MIl-C-5541, Class 3, for corrosion 
resistance on all aluminum alloy surfaces where low electrical resistance is 
required. 

Standard attachment parts such as rivets, bolts, nuts and washers which are 
component parts of assemblies which will be primed or painted upon completion 
do not require primer prior to assembly provided they meet the dissimilar 
metal requirements of MIL-STD-889. 

Painting is not to be used unless thermal analysis indicates the external 
surfaces ' e the assembly require paint to obtain a specific solar absorption/ 
surface emissivity ratio in order to regulate temperature. 


3.2.11 Maintainability 

The gimbal design objective is to operate and meet all performance requirements 
throughout its life without maintenance. The supplier shall consider all con- 
straining items which would require special attention after each mission or 
group of missions (i.e., lubricant degradation/depletion, material deteriora- 
tion, etc.) and recommend field tests and inspections, the results of which 
would indicate whether or not this design objective were being met. Should 
.the field tests and inspections indicate refurbi shment of the gimbal is necessary,, 
it will be done according to a maintenance procedure submitted by the supplier 
and approved by the buyer. ~ ~ 

The gimbal design shall incorporate features to accommodate maintenance. 

3.2.12 Interchangeabi 1 i tv 

The gimbal assembly and all replaceable detail parts which are identified with 
the same part number, shall be physically and functionally interchangeable. 

3.2.13 Casting 

Castings shall be in compliance with the requirements of MIL-C-6021, Class 1, 

Grade 8. 

3.2.14 Brazing 

Brazing shall be conducted in compliance with the requirements of MIL-B-7883. 

3.2.15 Motors 

The motor designs shall be compatible with the gimbal assembly requirements 
specified herein and the requirements of MIL-M-8609 paragraphs 3.3, 3.3.1, 

3.3.2, 3.3.3, 3.4.3, 3.4,3, 3.4.7, 3. 4. 9. 2, 3. 4.9. 3, 3.5, 3.6, 3.7, 3.8, 

3.9, 3.10.2, 3.12, except as otherwise specified herein. 

3.2.15.1 Mot ’ Types 

Permanent magnet motors shall be utilized. 

3.2.15.2 Mire Routing and Protection 

The motor designs shall provide for clear unobstructed wire routing. All leads 
shall be suitably supported to prevent insulation chafing by adjacent structure 
during a vibration environment. All insulated leads shall be suitably protected 
to prevent damage during motor assembly. Sharp edges on attachments or 
structural parts in close proximity to wires are not allowed. 
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3.2.15.3 Armature Balance 

The armature of the motors shall be dynamically balanced to prevent vibration 
and armature bearing loading when operating at the no-load speed with 32 
volts. 

3.2.15.4 Armature Assembly Preload 

Axia; motion of the armature assembly shall be controlled through the use of 
an axial preload. 

3.2.15.5 Thermal Protection 

No thermal switches shall be Incorporated In the design of the glmbal assy. 
The assembly shall be designed to sustain locked rotor current continuously 
without causing a fire hazard. 

3.2.15.6 Electromagnetic Interference Filter 

The motors with EMI filters shall comply with the CE01 and CE03 conducted 
interference limits of MIL-STD-461A and RE02 radiated interference limits arid 
the TT01 requirements defined In SL-E-0002. All bonding necessary to meet 
this requirement shall be accomplished per MIL-B-5087, Cl«>ss R. The 
components used In the filter and tests conducted on the filter shall be 
approved by the buyer. 

3.2.15.7 Insulation Resistance 

With the Individual motor windings shorted at the connector, the insulation 
resistance between the Insulated points and the motor case with the motor 
stabilized at +70® +20®F shall not be less than 50 megohms when tested with 
75 +5 volts DC. 

3.2.15.8 Dielectric Strength 

With the Individual motor windings shorted at the connector and the filter 
Isolated, the dielectric strength between the Insulated points and Insulated 
points and the motor case shall be 600 +60 volts RMS 60 Hz for a minimum of 
60 seconds. Leakage current shall not exceed 1.3 ml 11 lamps. 

3.2.15.9 Bonding 

All mechanical Interfaces In the glmbal assy. Including electrical connectors 
shall be bonded per MIL-B-5087, Class R (2.5 mllllohms maximum per Interface) 



3.2.15.10 Electrical Connections 

All electrical connections within the motor shall be brazed, welded or 
mechanically attached. Soft solder shall not be used unless otherwise 
approved by the buyer. 

3.2.16 Slip Ring Assembly (SRA) 

The gimbal assembly shall Include a slip ring assembly or equivalent to 
transfer solar array power and conmand and Instrumentations across the 
continuously rotating alpha aris. 

3.2.16.1 Electrical Requirements 

Electrical and electronic parts and materials selected shall be used within 

I 

their electrical ratings and environmental capabilities. Derating shall be 
accomplished, as necessary, to assure the required equipment reliability 
within the specified operating conditions. Unless otherwise specified, the 
SRA shall meet the following electrical requirements under any combination of 
operational environments specified herein. 

3.2.16.2 Circuits 

The SRA shall consist of 36 total circuits or rings. The types, capacities 
ar.d quantities of the circuits are as follows. 


Ring No. 

Type 

Current 

Function 

Voltage 

1-12 

I 

60 amps, max 

Solar array power 

90 to 240 

13-32 

11 

1 ma to 100 ma 

Signal and Instrumentation 

0 to 32 

33-36 

III 

10 amps max 

Actuator power 

18 to 32 


All circuits shall be designed for continuous operation with the maximum 
current specified. 

3.2.16.3 Rotational Speed 

The SRA will be designed for rotation in both directions and shall meet the 
performance specified herein with rotational speeds from 0 to the maximum 
rate of tne alpha gimbal actuator. 

3.2.16.4 Dielectric Strength 

The SRA shall be designed to withstand at least 500 volts RMS, 60 Hz, applied 
for a minimum of one minute between each contact and every other contact of 
other nonconmon rings, and between each contact and the SRA shaft, housing 
and connector case excluding grounded contacts. There shall be no evidence 
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of arcing, flashover, breakdown, nor any leakage current In excess of 50 
microamperes. 

3.2.16.5 Insulation Resistance 

The Insulation resistance between any contact and every other nonconmon 
contact, and between any contact and the SRA shaft, housing, and connector 
case excluding grounded contacts shall be 50 megohms minimum at 500 ±10 VDC. 
Insulation resistance shall be one megohm minimum at 100 ±10 VDC during and 
Imnedlately aft* exposure to relative humidity equal to or greater than 
98%. Voltage shall be applied uninterrupted for up to one minute. 

3.2.16.6 Crosstalk 

During any combination of voltage, current, rotational speeds and environ- 
ments specified herein, the crosstalk Induced Into any Type II circuit from 
any other SRA circuit shall be attenuated at least 30 dB with a termination 
load of 5000 ohms at 20 Hz to 20 KHz. 

3.2.16.7 Impedance Noise 

Equivalent electrical peak ta peak impedance noise of any SRA circuits shall 
not exceed 10 mllliohms per circuit pair during any combination of voltage, 
current, rotational speeds and environments specified herein. 

3.2.16.8 Voltage Drop 

At zero to .5°/sec rotational speed the end to end (connector contact to 
connector contact) circuit voltage drop shall be as follows. 


Type 

Current 

Max Voltage Drop 

I 

10 to 60 amps 

200 MV 

II 

1 ma to 100 ma 

1.0 MV 

III 

10 amps 

100 MV 


3.2.16.9 Derating 

The SRA wiring shall'be selected according to MIL-W-5088 for the electrical 
and environmental requirements of this specification such that the rated 
maximum conductor temperature Is not exceeded for any combination of 
electrical loading, ambient temperature, and heating effects of bundles, 
conduit and other enclosures. Factors to be considered in the selection are 
voltage, current, ambient temperature, mechanical strength, abrasion. 



flexure and pressure-altitude requirements. The SRA electrical components, 
less wiring, shall be designed with a minimum derating factor of 50%. 

3.2.16.10 Conti nul tv 

At speeds ranging from 0 to .5°/sec cumulative electrical discontinuity of any 
circuit shall not exceed one microsecond within any 100 millisecond period. 

3.2.16.11 Wiring 

The SRA wiring shall be selected according to the electrical and environmental 
requirements of this sped ideation, and shall conform to eltherMIl-W-22759/9/ 
10/11 or MIL-W-81 381/7/8/9/10. Cable design shall conform to MIl-C-27500. 

3.2.16.12 Soldering 

Soldering shall be In accordance with MIL-STD-454, Requirement 5. Solder 
shall be in accordance with QQ-S-571. Solvents used for cleaning and flux 
removal shall be of high purity grade, non-conductlve, non-corrosive, and 
shall not degrade the reliability of the soldered connection of adjacent 
parts or materials. Each soldered connection shall exhibit a bright shiny 
appearance, no porosity, good adherence, and no excess flux or solder when 
visually examined under direct light at five power magnification. 

3.2.16.13 Welding 

Resistance welding shall be conducted In compliance with the requirements of 
MIL-W-8939 for electrical welds, and MIL-W-6858, Class A, for mechanical 
welds. 

3.2.17 Gimbf.l Assy Dynamic Performance 

With either the Alpha or Beta axes attached to an inertia load of 1650 slug-ft 2 
(about the gimbal axis), the open-loop gimbal rate shall reach 0.5 deg/sec 
within the period 5 to 10 seconds following an Input voltage of 18 volts. The 
open loop gimbal design shall not preclude the capability to operate smoothly 
at low rates (0.01 to 0.1 deg/sec) when used In a closed loop manner with an 
angular position sensor resolution of 1 degree. 

3.3 Operating Environments 

The gimbal assy shall be capable of meeting the requirements of Paragraph 3.0 
of this specification during and after exposure to the following environments. 
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3.3.1 Temperature 

The ambient temperature range for glmbal assy ground operation Is 0°F to 
110°F. The In-orbit operational temperatures will be dependent on the design 
of the glmbal assembly. When determining these extremes analytically, the 
supplier shall use the following data: 


Environmental Parameter 
Solar radiation 
Earth albedo 
Earth radiation 
Space sink temperature 


Design Value 
443.7 htu/ft 2 /hr 
30* 

77 btu/ft 2 /hr 
0° Rankin 


3.3.2 Vacuum 

The glmbal assy shall be capable of meeting the requirements of this 
specification during and following exposure to a vacuum of 1 x 10~ 7 Torr. 

3.3.3 Humidity 

During ground testing, the glmbal assy shall be capable of performing 
continuously in a relative humidity of 30 to 90*. 


i 
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3.4 Non-operating Environments 

The gimbal assy shall be capable of meeting the requirements of this 
specification after exposure to any combination of the following non-operating 
environments. 

3.4.1 Acceleration 

The gimbal assy shall withstand +6 +.25 g's in both directions in the axis 
perpendicular to the mounting plane and In each of the two mutually perpendi- 
cular axes. 

3.4.2 Shock 

The gimbal assy shall be subjected to two transient excitations wtn shock 
response spectrums as shown in Figure 3 in each of the three mutually 
perpendicular axes. 

3 4.3 Vibration 

a. Random Vibration - Qualification 

The unit shall* be subjected to the following levels in each of the 
three mutually perpendicular axes for 400 seconds per axis. 

Frequency (H? ) level 

10-100 0.014 G 2 /Hz 

100-440 +4 db/octave 

440-2000 0.1 G 2 /Hz 

G.ins - 13.2 

b. Random Vibration - Acceptance 

The unit shall be subjected to the following levels in each of the 
three mutually perpendicular axes for 120 seconds per axis. 

Frequency (Hz) Level 

10-100 0.003^ G 2 /Hz 

100-440 +4 db/octave 

440-2000 0.025 G 2 /Hz 

Grins - 6.6 


3.4.4 Transportation Shock 

Equipment packed in the manner Intended for shipment shall'be qualified to 
the following shock tests: one drop on each flat face, edge and cornet (26 
drops) from a height of 30 inches. The tests shall be non-operational . 



3.4.5 Bench Handling Shock 

This cost Is conducted to determine the ability of unpackaged equipment to 
withstand the shock encountered during servicing. Using one edge as a 
pivot, tilt the opposite edge of the assembly until the horizontal axis 
forms an angle of 45° with the table, or the opposite edge Is four inches 
above the table, whichever occurs f irst, and permit the assembly to drop 
freely to the horizontal. Repeat, using other practicable edges of the 
same horizontal face as pivots, for a total of four drops. This process 
shall be repeated for each face on which the equipment could be placed 
practicably during servicing. The tests shall be non-ope rational . 

3.4.6 Storage 

The assembly shall be designed for storage life, not to exceed the useful 
life period. In non-envl ronmental ly controlled buildings having the 
following characteristics: 

Temperature - -65° F to +180°F 
Relative humidity - 10% to 100% 

Salt - 5 x 10* 7 g/cm 2 /day follout 
100 micron coat/day 

Fungus - rapid growth when temperature is greater than 68°F and 
relative humidity Is greater than 75% 


3.5 Cleaning 

All parts shall be processed in accordance with Specification SN-C-0005, 
Table 1, Level VC (visibly clean). 

3.6 Protective Treatment 

Materials that are subject to deterioration when exposed to climatic and 
environmental conditions likely to occur In service shall be protected 
against such deterioration in a manner that will In no way prevent 
compliance with the performance requirements of this specification. Protec- 
tive coatings that will chip, crack, or scale with age or In the extreme of 
climatic and environmental conditions specified herein shall not be used. 

3.7 Interchangeability 

The Item and all replaceable derail parts, identified with the same part 
number, shall be physically and functionally Interchangeable by the use of 
dimensions and tolerances. 
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3.8 Workmanshi p 

Those aspects of a product which may not be specifically controlled by 
requirements such as cleanliness, attachment, wire routing, torque, align- 
ment, finish, etc., and wnich directly affect the product's appearance, 
orderliness, and neatness of assembly, or production uniformity are defined 
as characteristics of workmanship. The supplier shall establish documented 
standards of acceptance for such characteristics and shall apply those 
standards as criteria In determining the acceptability of the product. 
Workmanship standards shall not be In conflict with requirements set forth 
In the engineering drawings or the purchase document and shall not be used 
as an Instrument to alter the design of the product or to circumvent the 
need to upgrade or revise engineering requirements. 

3.9 Identification 


3.9.1 Identification Plate - Nomenclature 

Identify the glmbal assy permanently per MIL-STD-130 using electro-etch 
methods. The Identification shall depict, but not be limited to, the 
following Information: 

Nomenclature: gimbal assy (Fit Crt Item) 

Mfr: (supplier code Identification no.) 

Part No.: TBD 

Supplier Part No.: TBD 

Serial No.: 

Date of Mfr: 

Contract: 


3.9.2 Serialization 

Each gimbal assy shall have a different serial number. Serialization shall 
be accomplished without reference to configurations. (There shall be no 
two parts with the same basic part number with the same serial number.) 

Gaps In serial number sequence are permissible, but the serial number must 
conform to the order of production. The serial number shall not be revised 
after once being assigned to a particular Item. 


3.10 Reliability 

The gimbal assy is designated as a Flight Critical Item (FCI) and as such 
shall conform to the government and Industry accepted design practices of 
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analysis p is control and derating for achieving a high reliability 
product. The glmbal assembly shall provide for reliable operation In any 
mode or combination of modes and under any natural combination of loads 
and environmental conditions specified herein. Successful completion of the 
testing herein shall not relieve the supplier of the responsibility for 
compliance of production units with specified reliability and performance 
requirements during any subsequent testing or service usage within the 
limitations specified herein. 

4.0 QUALITY ASSURANCE PROVISIONS 

4.1 Requirements/Verification Matrix 

The ability of the glmbal to meet the requirements of Section 3.0 of this 
specification shall be verified according to the Requirements/Veri fl cation 
Matrix. The Requirements Verification Matrix Is to be completed by the 
bidder as part of the proposed test plan. 

4.2 Buyer Tests 

The buyer reserves the right to repeat any or all tests on the gimbal assembly. 

4.3 Design Changes 

No changes of any kind shall be made to any portion of the glmbal assy, by 
the manufacturer after receipt of buyer engineering approval of manufacturer's 
detail design drawings unless formal authorization has been granted by buyer 
engineering. All requests for changes shall be submitted by the manufacturer 
In writing and accompanied by adequate evidence that the change will not 
adversely affect the performance of the unit. At the option of buyer 
engineering, additional tests may be required prior to approval of such 
changes. If the design change Is approved, a new part number or modification 
designation number shall be assigned to the assembly Incorporating the 
revision If Interchangeability Is affected. 

5.0 PREPARATION FOR DELIVERY 

5.1 General 

Unless otherwise specified, the supplier shall be responsible for the 
preservation and packaging of the glmbal assembly In a manner that will 
prevent contamination, corrosion, deterioration, and physical damage and 
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ensure safe delivery In good condition, 'he minimum requirements for 
protection from physical damage shall be as defined In 3.4. 

5.2 Cleaning and Packaging 

Cleaning and packaging shall be in accordance with requirements for main- 
taining cleanliness specified in Paragraph 2.9 and 2.14 and Table 1, 

Level VC, of Specification SN-C-0005. 

5.3 Ma rking 

Individual cleaned gimbal assemblies shall be Identified by a suitable tag 
or label. The tag or label shall be readable without degradation of the 
preservation means. The tag or label shall contain the following Informa- 
tion. 

a. Part number 

b. Date of final cleaning 

c. Manufacturer's serial number 

d. "Flight Critical Item" 

5.3.1 Marking for Delivery 

Each individual container shall be durably and legibly marked or labeled 
per MIL-STD-129 with the following minimum Information; the label shall be 
so placed that It Is not destroyed by opening the container: 

Supplier part number 
Supplier name 
Part serial number 
MDAC-HB purchase order number 
MDAC-HB part number 
“Flight Critical Item" 

Crated parts shall be labeled to indicate which side would be opened for 
Inspection and shall rote the location of the packing slip. 

6.0 NOTES 


6.1 Approved Source 
MDAC-Huntlngton Beach 

Supplier 


Supplier 

Specification Control No. 

Part Number 

Supplier Name & Address 

Code 

1BXXXXX 

TBO 

TBD 

TBD 

• .’i «■ V- 

» 

235 




* - 


6.2 Definitions 

Acceleration due to gravity 
Decibel 

Degrees Fahrenheit 
Hertz, cycles per second 

McDonnell Douglas Astronautcls Co. -Huntington Beach 
Millisecond 
Root mean square 

The stage at which temperature change Is at a rate 
no greater than l°F/m1n. 

Rate no greater than l°F/m1n. 

To be determined. 

Atmosphere pressure of 30 +2 Inches of mercury. 
Temperature of 70 +25°F and relative humidity of 
90% of less. 

6.2.1 Standard Verification/Test Types 

The standard verification/test types and their basic objectives are. 

a. Development - Conducted to formulate a design to meet performance 
requirements, define design requirements, to determine feasibility 
of a design or concept, or t.o evaluate hardware performance. 
(Normally conducted only on the minimum number of units necessary 
to obtain the desired development Information.) 

b. Qualification - Conducted on an Item representative of a production 
unit to verify that the released design and production methods 
result In a product that meet performance and design requirements 
established by contract, specification and/or engineering drawing. 
(Normally conducted on only one unit.) 

c. Acceptance - Conducted to measure the product performance 
characteristics and to verify conformance to selected design 
requirements as a basis for acceptance. (Normally conducted on 
each Item to confirm acceptability, except where minimum lot 
sampling Is specified.) 


G 

db 

°F 

Hz 

MDAC-HB 

ms 

rms 

Temperature 

Stabilization 

(TBO) 

Ambient 

Condition 
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d. Operational Test - Functionally operating the Item to verify that 
performance requirements have been met* or performing an operation 
on the Item (e.g., corrosion, fatigue, or strength tests) to 
verify design requirements. 

e. Similarity - Verification by evaluation of analytical or test data 
from an analysis or test program for an Item which Is sufficiently 
similar to the required Item for the data to be valid. The data 
must show that the Item used on a basis for verification has 
satisfied equivalent or more stringent requirements. Similarity 

Is not shown as a drawing requirement, but Is negotiated separately 
to satisfy specific requirements. 

6.3 Recording of Serial Numbers 

This Is a "Flight Critical" Item. A record of the serial number shall be 
maintained. 






VERIFICATION/TEST LEVEL 


REQUIREMENTS/VERIFICATION MATRIX 


VERIFICATION/ ASSESSMENT METHOD 


VERIFICATION BY SIMILARITY 


DEV - DEVELOPMENT 

ANL 

QAL - QUALIFICATION 

INS 

EFF - EFFECTIVENESS 

OEM 

ACC - ACCEPTANCE 

on 


TBR 


m - NO REQUIREMENTS IN THIS 
PARAGRAPH TO BE VERIFIED 


SUPPLIER AS PART OF BID 
ANALYSIS. (TBR MAY BE 
USED ONLY ON BIO 
ANALYSIS RELEASE) 


VERIFICATION 


- NO ADDITIONAL VERIFICATION 
DETAILS REQUIRED 
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GIMBAL ASSEMBLY ELECTRICAL SCHEMATIC 


PEAK ACCELERATION (G'S) 
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